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All publications, patents and patent applications disclosed lierein are incorporated into this application by 

reference in their entirety. 

For example: "Sambroolc et al, Molecular Clonino. A Laboratory Manual (volumes l-ill) 1989, Cold Spring 
Harbor Laboratory Press, USA" and "Harlowe and Lane. Antibodies a Laboratory Manual 1988 and 1998, 
Cold Spring Harbor Laboratory Press, USA" provide sections describing methodology for antibody 
generation and purification, diagnostic platforms, cloning procedures, etc. that may be used in the 
practice of the instant invention. 

The following claim(s) of this provisional application are not to be construed as limiting the disclosed 
invention(s). The claim(s) are included for compliance with patent application structural regulations that 
may be imposed by international patent offices. 

We claim: 

1 . A method of monitoring the activity of RWl conqirising measuring the concentration of the dioxin 
dioxygenase. 
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INVENTION DESCRIPTION 

Describe the invention completely, using the outline given below. Please provide an electronic copy of the 
invention disclosure document, references, and abstracts in Windows format on CD-ROM or floppy disk if 
possible 

1 . Marketing Summary [Please provide a non-confidential summary of the invention that can be used for 
marketing purposes. Unique details that are published may also be included.] 

Brief Description: 

For the management of contaminated sites, the risk assessment of microorganisms introduced into 
natural environments, and the search for novel microorganisms/enzymes/compounds appUcable to 
biotechnology, a monitoring tool and analysis strategy are disclosed allowing for the automated, rapid 
and simultaneous determination of the following parameters: (1) water quality and toxicity, (2) intrinsic 
bioremediation potential, (3) accelerated bioremediation potential following nutrient amendment, (4) 
effective bioaugmentation strategies for environmental cleanup, (5) turnover rates of natural compounds 
and environmental pollutants under natural and enhanced conditions, (6) m situ DNA synthesis and 
protein expression, (7) in situ growth/death rates and metabolic activity of native and introduced 
biological agents under natural and altered environmental conditions, (8) structure and dynamics of 
microbial communities indigenous to natural soil and water environments, (9) identity and activity of 
microorganisms of potential value for use in biotechnology. 

Potential Commercial Use: 

The environmental monitoring tool and strategy could be sold as a license, product and/or service. The 
technology can be used to obtain in a one-step process a comprehensive assessment of contaminated 
waste sites based on which treatment strategies can be selected, implemented and then monitored, again 
using the new technology. The invention may be applied to assess the potential risk resulting jfrom the 
release of pathogens and genetically engineered microorganisms into natural environments. In addition, 
it has potential value for discovering microorganisms, enzymes and natural products of relevance for the 
pharmaceutical industry and the biotechnology sector. 

Marketing Goal: 

Johns Hopkins University is seeking licensees for this technology 
Keywords: 

Bioremediation, environmental management, site assessment, risk assessment, bioaugmentation, bioprospecting 
water quality, toxicity, contaminants, bioterrorism, pathogens, environmental monitoring. 
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SOFTWARE -Does this disclosure include a software element or software is in^jlenKnted in the invention Q Yes Q No 

If yes, please con^lete the Software Information Form which can be foundi at: - ■ 

BIOLOGICAL MATERIAL - Does this. disclosure include biological material, □ Yes □ No 
If yes, please attach a list of materials for reference. A Tangible Property Report of Invention form may be completed if the disclosure is 
biological materials only. You can find this form at: http://www.h6pkinsmedicine.org/Ibd/otl/ ' 

2. Problem Solved [Describe the problem solved by this invention] 

The new tool and analysis strategy allows one to determine the microbial community structure of complex 
environmental mixed cultures, to link an observed chemical, biochemical and/or physical change to a particular 
microorganism, to study microbial interactions, and to culture and study previously uncultivated microorganisms 
in pure culture and during interaction with their natural environment. The device and technology can be applied in 
situ and ex situ (on-site or in the laboratory). Due to the incubation of the tool in situ, rates and metaboUc activities 
determined with the device are expected to closely mirror actual actions currently occurring or potentially 
occurring in situ. In addition, the device may be inoculated in situ and incubated and analyzed ex situ. 
Alternatively, inoculation and incubation of the device can be performed ex situ. The use of isotopes in 
conjunction with molecular-genetic and/or proteomic analysis techniques allows one to distinguish dead and 
dormant microorganisms from metabolically active ones (only viable cells will incorporate isotope labels into 
biomarkers). Parallel testing of effects caused by various environmental parameters (e.g., type and concentration of 
added nutrients/mixtures/microorganisms) allows one to deduce which of the metabolically active microorganisms 
are responsible for an observed change. This has important implications for the design and monitoring of 
bioremediation strategies, e.g. bioimmobilizaiton of uranium by bacteria, or the dechlorination of toxic 
chloroethenes, etc. Taken together, these characteristics of the new technology provide a hitherto unattained level 
of discriminatory power that will enable one to selectively enrich for, culture and identify novel microorganisms 
and microbial functions. This is of great importance for the cleanup (bioremediation) of contaminated sites and for 
the biological prospecting for novel microorganisms, biomolecules, drugs and metabolic processes. Furthermore, 
the technology can be used for the in situ cultivation of microorganisms that do not grow in the laboratory, and for 
assessing the survival and metabolic activity of foreign species in natural environments, which is of importance to 
public health. 
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The tool and analysis strategy are novel because they allow for the first time the cultivation and comprehensive 
biochemical characterization of microorganisms in their natural environments. The technology is novel in that is 
combines in a non-obvious fashion the following tools/approaches: solid-phase sampling techniques, in situ 
enrichment and biochemical screening, use of electron donor/acceptor pairs, isotope labeling and misive parallel 
screening with automated analysis. The technology is novel in that it provides data for hundreds or even thousands 
of hypothetical environmental scenarios, thereby allowing one to determine quickly and in an automated fashion 
the likely rates of environmental change induced by these perturbations. The strategy is novel in that it makes use 
of in situ microcosm arrays in conjunction with culture-independent microbial community analysis to obtain a 
comprehensive picture of microbial communities. It is suitable for linking specific microbes to observed reactions 
by using computer-assisted subtractive profiUng techniques. It is Mly compatible with existing robotic systems 
thereby allowing for rapid and fiiUy automated analysis using chemical, physical, biological, genomic and— more 
importantly— proteomic analysis techniques. The proposed inclusion into the in situ microcosm array sampler of 
mmiaturized pumps, closure mechanisms, semi-permeable membranes and filters is new as it will allow one to 
first inoculate and then incubate the device in the environment without removing (and potentially harming) the 
resideiit microbes from their natural environment. The device can be equipped with microfluidic systems allowing 
for delivery of small volumes and defined quantities of microorganisms to the test chamber prior to physical 
and/or chemical containment of the captured specimens via barriers that are either non-permeable, semi-permeable 
or completely permeable for chemical compounds; this aspect will allow one to culture uncultivated or "non- 
culturable" bacteria to numbers sufficiently large to perform biochemical characterization and identification. The 
technology is suitable for determining the rate of protozoan grazing in situ. The device also allows one to 
determine how non-native microorganisms will cope in natural environments when confronted with physical, 
Ijiological and/or chemical sti-essors. For this application, test organisms will be inoculated into the device prior to 
its deployment. Semi-permeable membranes can allow the introduced species to come into contact with the target 
environment while staying contained in the device. Inoculation of some of the test chambers with known quantities 
of test microorganisms also can assist in determining the toxicity of a natural environment, and innprmahzing 
assessment data for direct comparison of geographically distinct environments. 



4. Potential Conunercial Use - [What products can be produced with this invention.] 
Potential Commercial Use: 

The environmental monitoring t9ol and strategy could be sold as a license, product and/or service. The 
technology can be used to obtain'm a one-step process a comprehensive assessment of contaminated 
waste sites based on which ti-eatment strategies can be selected, implemented and then monitored, again 
using the new technology. The invention may be appUed to assess the potential risk resulting fi^om the 
release of pathogens and genetically engineered microorganisms into natiiral environments. In addition, f4e inv9nii'n,~) 

discover '. microorganisms, enzymes and natural products of relevance for tiie^'^'^ ^5J^-<^ 
pharmaceutical industry and the biotechnology sector. 
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8. Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terras of the broadest scope expected to be operable; if a compound, describe substitutions, breadth of 
substituents, derivatives, salts etc., xfDNA or other biological material, describe modifications that are expected 
to be operable, if a machine or device, describe operational parameters of the device or a component thereof, 
including alternative structures for performing the various functions of the machine or device] 

The proposed technology has a broad workable extent. The instrumentation and analysis technique can be 
optimized for exclusive in situ applications, ex situ applications, or a combination of the two. Modification of the 
closure mechanism configuration described on the attached pages will allow for sequential opening and closing of 
microcosm compartments. Real-time and monitoring equipment can be added to the device to increase 
functionality and to trigger reactions at specific points in time selected by changes in the target environment (e.g., 
heavy rainfall events). Use of radio frequency signaling and remote controls can replace the umbilical cord shown 
in the attached Figure. The design of the device can be altered to allow dployment of the device in environments 
featuring extreme conditions including, but not limited to, extreme pH, temperature, pressure, radiation, etc. 
Microfluidics, fiUers of varying sizes, semi-permeable membranes and altemative closure mechanisms maybe 
integrated into the sampler to separate in time the inoculation of the device from the incubation period that allows 
chemical change to take place within the sampler. Optical and/or electrical detection systems may be incorporated 
in microfluidic configurations to seal individual microcosms as soon as a single cell has been delivered to the 
microcosms, thereby greatly increasing the success rate of isolating novel microorganisms. Proteomic approaches 
maybe used for rapid and fully automated analysis (e.g., matrix assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) and protein sequencing of enzymatic digests using tandem mass 
spectrometry (MS/MS). Central facilities may be used for analyzing samplers deployed in situ. This will allow for 
automated analysis and for a high degree of standardization. Standardized analysis in turn will dramatically 
improve measurement precision and will allow one to determine the systematic biases of the technique (due to 
'Tjottle effects") that may limit measurement accuracy; once identified, these biases can be accounted and 
corrected for thus enabling one to predict — ^with high accuracy and precision — the environmental change to be 
observed following engineering interventions. For bioremediation purposes, this would entail the development of 
databases that record predicted biotransformation rates and rates actually observed in situ. The format of the tool 
allows for automated analysis. Speed and ease of analysis maybe achieved by replacing molecular-genetic 
analyses with other more convenient measurement techniques suitable for discerning isotope distributions (e.g., 
use of MALDI-TOF MS and bioinformatics database searches for automated microorganism identification). 
Sample processing using commercially available robotics (e.g., Amersham Biosciences robotics) and tools for 
rapid sample cleanup and processing (e.g., Gyrolab MALDI SPl etc.) in conjunction with enzymatic digestion 
steps (e.g., trypsin digestion). 

The device also may be adapted for studying the fate of either beneficial or hazardous biological agents in natural 
environments. This work would require the device to be modified to reflect as closely as possible within each test 
compartment the physical/chemicaL^iological environment of interest (e.g., flow-through cells equipped with 
local sediment etc.). Again, the device would be equipped with a semi-permeable barrier allowing for interaction 
of the test species with the environment without allowing for its release. 
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9. References [Please cite relevant journal citations, patents, general knowledge or other public information 
related to the invention and distinguish between references that (A) contain a description of the current invention 
from those that (B) contains background information.] 
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Description of the Technology 

Configurations of the microcosm array for bioremediation and bioprospecting in addition to 
those mentioned in the attached research proposals; in situ and ex situ applications. 

In addition to the details provided in the attached research proposals, the device can be 
equipped/used as stated below: 

Ex situ application. The ability of the device to carry out a large number of experiments under 
controlled conditions in a standardized and efficient format can also be exploited using ex situ 
techniques. For example, the device may be deployed in situ for inoculation and incubated ex 
situ (in the field or in the laboratory) prior to analysis. Alternatively, a liquid sample may be 
obtained fi-om a given target environment and the device may be inoculated ex situ and incubated 
ex situ. 

Mechanism for sequential closing of individual microcosms. The closure mechanism shown in 
the attached pages can be reconfigured to allow for sequential closing of individual microcosms. 
Separation of the valve plate into sections covering individual rows will allow to selectively 
close one row at a time. Placement of identical microcosms in different rows of the device will 
allow to collect multiple samples of the replicate experiments at various discrete time points. In 
this way, biochemical activity and chemistry can be measure at different points in time to 
facilitate time-discrete measurements of and to allow for various degrees of chemical labeling 
when employing isotopic labels. 

Addition of (real-time) monitoring probes to the device. The utility of the device may be further 
enhanced by adding instrumentation for environmental monitoring to the device. Monitoring 
probes and sensors may be integrated into the device or added on to its exterior or immediate 
vicinity. Parameters suitable for monitoring and real-time monitoring include, but are not limited 
to: pH, conductivity, redox potential (Eh; ORP), temperature, salinity, alkalinity, turbidity, 
dissolved oxygen, dissolved oxygen saturation, chlorophyll, pressure, depth, particle 
concentration, particle size, etc. Use of particle counters in conjunction with tiie microcosm array 
will be particularly beneficial when attempting to deliver a predefined quantity of 
microorganisms into specific chambers. Signals of the above probes and sensors maybe 
transmitted through cables, circuits, radio waves or other media suitable for signal transmission. 
For off-line monitoring and long-term monitoring, collected information may be stored in place 
(within the device) or remotely (e.g., in the field or in the lab). 

Delivery of chemicals to stop chemical reactions and microbial activity. In order to measure the 
extent of chemical reactions taking place in the device, reagents may be delivered |p individual 
microcosms at different points in time to abort reactions and prevent fiirther chemical change. 
This feature will be beneficial for the determination of reaction kinetics as it will allow to obtain 
"snapshots" of the chemistry in individual microcosms over time. Chemical modifiers suitable 
for stopping on-going reactions include, but are not limited to, pH agents (acids, bases), selective 
enzyme inhibitors (e.g., acetylene gas for inhibition of oxygenases), heavy metals binding to 
enzyme complexes (e.g., mercury chloride) and others. Chemical modifiers may be deUvered 
passively or actively. Delivery modes include, but are not limited to, injection fi-om a pump, 



pressurized vessel or equivalent, diffusion into the microcosm from a sorbent material, rapid 
heating or cooling of the device or chamber, and equivalent techniques. 

Sorbent materials for chemical analysis. Effluent from the individual flow-through microcosms 
will be passed through a sorbent material (e.g., chromatographic columns, C-18 solid-phase- 
extraction plates [Spec manufactured by Varian], ion exchange cartridges, disk filters, 
membranes or other) to sorb and capture selected chemicals/specimens of interest. Following 
retrieval of the device, chemicals/specimens collected on the sorbent can be removed and 
analyzed. This allows one to conduct a complete mass balance on microorganisms and chemicals 
entering and leaving the device. For this purpose, sorbent arrays can be locaited downstream 
and/or upstream of the microcosm array. 

Individual collection vessels. The attached drawings shows a single receptacle for the combined 
effluent of all flow-through microcosms. Altematively, the effluent of the individual microcosms 
may be collected separately. Thus, the single effluent bottle shown in the attached research 
proposal may be replaced by a manifold connected to hundreds or thousands of small bladders 
that can capture the effluent from each individual microcosm thereby providing an absolute mass 
balance on all materials that passed through each of the microcosms. 

Standardized microcosms. Each ISMA can contam a number of "standardized microcosms." 
The latter are flow-through microcosms containing a known quantity of well-defined 
microorganisms and varying amounts of test compound(s) (none to high concentrations). 
Standardized microcosms will provide a measure of the toxicity of the test environment. In 
addition, analysis of the survival and growth of these microorganisms and their metabolic 
activities under the respective conditions will allow one to normaUze test results for ISMA 
samplers deployed in different locations and at different points in time. 

Integration of filters in selected microcosms. Selected microcosms will be equipped with a filter 
(placed at the inlet or further upstream of the flow-through microcosm). Filters will allow one to 
selectively exclude certain microorganisms from entering a flow-through cell. For example, 
exclusion of protozoans will allow one to determine the rate of protozoan grazing by comparing 
the results of two sets of microcosms that were identical except for the presence of the filter in 
one set of the systems. Similarly, one may exclude larger bacteria using a particular pore-size 
filter to selectively enrich for small bacteria (micro- and nanobacteria). 

Modifiers. Selected flow-through microcosms will be equipped with chemical inhibitors, 
inducers and similar chemical modifiers. This will allow one to selectively induce the expression 
of proteins and metabolic functions of interest in captured microorganisms. In addition, chemical 
modifiers may be used to selectively suppress subpopulations within the device. For example, 
antibiotics can be included to suppress growth of fungi, certain bacteria and protozoa. Similarly, 
inhibitors can be included to prevent the growth and activity of microbial subpopulations; for 
example, sulfate reducing bacteria and methanogens may be selectively inhibited using sodium 
molybdate and EES, respectively. Additional selective inhibitors exist that inhibit other 
subpopulations. 
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Test compound delivery system. Agar is only one of many substances to be used as a substratum 
for microbial colonization and as a medium for continuous release of test compounds. 
Alternative materials include gellan gum with or without CaCl (Jansen et al. 2002), and other 
inert materials such as glass or plastic that can be molded to form colunms, porous networks, 
beads, etc. Test compounds may also be presented to microorganisms within the microcosms 
using solids (crystals) and coatings of poorly water-soluble compoxmds (nonaqueous phase 
liquids). Gases may be delivered to the system using any of the following techniques: in situ 
generation of the desired dissolved gaseous species; adsorbed gases; semi-permeable membrane 
vesicles filled with gasses of interest (passive gas delivery); or active gas delivery using 
miniaturized pressurized gas bottles. 

Pumps. The test medium (e.g., grovmdwater or seawater) may be delivered by a single pump 
using conventional pump systems such as centrifugal pumps, rotary pumps, piston pumps, 
syringe pxmaps (twin configuration; one syringe delivers while the other is being filled), 
peristaltic pumps and/or bladder pumps. Alternatively, multiple pumps may be used to achieve 
similar flow rates in all systems regardless of pressure buildup that may occur as a result of in- 
line filters, physical clogging and microbial growth. These pump arrays may use any of the 
above pump mechanisms or equivalent others. 

Microfluidics and multiple arrays. Some appUcations may benefit fi-om the use of microfluidics 
and operation of multiple arrays in parallel or in. series. For example, for bioprospecting studies 
the number of test compartments may be as high as several thousand per microcosm array. These 
.miniaturized systems will be fed with test medium (groundwater, seawater, etc.) using 
microfluidic systems that minimize dead volume within the device and allow for delivery of 
(sub-)microUter quantities of test medium to the individual microcosms. This configuration will 
be ideal for bioprospecting studies to cultivated otherwise "non-culturable" microorganisms. 
Following delivery of a small volume of test medium to a microcosm, the valve plates may move 
into an intermediate position thereby placing a semi -permeable membrane at the entrance and 
exit of a microcosm. Thus, individual microbial cells may be trapped randomly in a single 
microcosm. These may then be incubated in a flow-through mode that allows chemicals to enter 
and exit the test volume while microorganisms are prevented fi-om moving in or out of the test 
vessel, hi this way, confined microorganisms may be cultured while still being in "chemical 
communication" and interacting with other microbial community members. Cell signaling and 
other chemical interactions occurring only in situ are known to be essential for certain 
microorganisms to proliferate. Operating thousands of microcosms in one array and several of 
these arrays m parallel or in series will facilitate high throughput screening of large numbers of 
organisms under diverse test conditions. 

Adaptation of the device for deep-sea exploration. Using the configuration and materials shown 
in the attached drawing, the device is estimated to withstand depth of 100 meter and below. 
Alternative materials such as the use of stainless steel v^dth or without polymer coating will make 
the device suitable for deep-sea deployment. The umbilical shown in the attached figure may be 
replaced with a remote and/or programmable control mechanism. 

Combined use of the ISMA with a flow cytometer. Capturing of individual microbial cells for in 
situ or ex situ cultivation may be attempted by chance, that is, by delivering to the microcosm of 



// 



a small volume of liquid likely to contain only one or a few microbial cells. This somewhat 
inefficient process will be greatly enhanced by using the microcosm array in conjunction with a 
flow cytometer. The advantage of this configuration is that individual cells and microcolonies 
can be directed to, and sealed in, individual microcosms. Deposition of known quantities of cells 
will be advantageous for increasing capture efficiency and cuUivation efiBciency. In addition, the 
flow cytometer could be used to distinguish particles thereby selectively "harvesting" cells of 
interest while diverting those that have a low hkelihood of representing unique clones. 
Containment of microbial cells of interest can be complete — via use of the solid valve plate or 
equivalent — or selective — ^via use of a semi-permeable membrane allowing for both physical 
isolation of cells and continuing "chemical communication" with the surrounding environment. 
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Down-Well Diagnostic Device for Environmental Monitoring and Bioprospecting 



Rolf U. Halden, Ph.D., P.E., Assistant Professor of Enviromnental Health Sciences 

Introduction 

Bioremediation is an effective, yet inexpensive biotechnology for removing organic and inorganic pollutants from 
contaminated environments (Lowe, Madsen et al. 2002). When targeting dissolved metals and radionuclides, the 
goal is to convert water-soluble, toxic species to insoluble, less toxic daughter products (Loyeley 2002). For 
exanqjle, uranium may be removed from contaminated groundwater and immobilized in the subsurface via the 
injection of carbon sources that stimulate the microbially induced precipitation of dissolved U(VI) in the form of 
insoluble U(IV). In this case, the contaminant is being treated "in place" and the process is being referred to as in 
situ bioremediation. 

When designing in situ bioremediation strategies, it is essential to gain an imderstanding of the type, activity, and 
nutritional requirements of subsurface microbial communities present at a specific cleanup site (Halden, Tepp et al. 
1999). Microbial community information also is important for convincing regulatory agencies and stakeholders that 
the contaminant is being removed (or, in the case of metals, successfully immobilized in the subsurface) rather than 
being diluted or dispersed in groundwater. 

Currently, the assessment of bioremediation potential at a given site is a two-step process involving: 

(1) DNA extraction and culture-independent profiling of microbial communities using organism-specific 16S 
rDNA sequences as "microbial name tags." 

(2) Extensive microcosm screening studies to determine which substrates arc suitable for eliciting and 

promoting a desired degradative, microbial function. In addition, these lab experiments yield estimates of 
contaminant removal rates which, unfortunately, often poorly reflect the actual kinetics occurring in situ. 

This . describes a new technology that promises to accomplish both of the above tasks in a one-step process. 

yielding superior results by providing more detailed information of higher accuracy in a shorter time period at 
significantly reduced costs. The technology will yield information on what types of organisms are present, which of 
these are alive and metabolically active, which nutrients may be added to accelerate bioremediation, at which 
concentrations these additives should be used, which poUutants will be biodegraded and at what in situ rate the 
bioremediation process will proceed. 

In addition, the technology may be used for biodiversity prospecting (bioprospecting), i.e., it may be applied for the 
identification of useful microorganisms, metabolic processes, or products in nature (Lowe, Madsen et al. 2002). 



Technology Description 

The bioremediation of contaminated sites requires the development of automated, field-ready technologies for 

studying the con^lex microbial communities indigenous to contaminated subsurface environments. In order to 
address this need, a miniaturized down-well device has been invented that will facilitate (1) in- well microbial 
san:9>ling, (2) culture-independent characterizadon of microbial communities of groundwater, (3) identification of 
metabolically active community members participatiag in the biotransformation of contaminants, (4) determination 
of bioremediation potential at the contaminated site, (5) identification of electron donor conqiounds suitable for 
stimulating pollutant-degrading communities, (6) identification of electron acceptor conqjounds used in situ, and (7) 
determination of the kinetics of in situ contaminant removal both under present conditions and under enhanced 
conditions. Although the technology potentially will be applicable to all organic and inorganic contammants in most 
environmental media, the technical design presented in the following specifically targets the bioremediation of 
saturated subsurface enviroimients containing metals and radionucUdes. Uranium was chosen for illustrative 
purposes. 

Biological reduction of U(VI) to U(IV) can be performed by a significant fraction of metal-reducing bacteria 
indigenous to subsiaface environments (Loveley 2002). The presence of biotransformation potential does not 
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necessarily mean that bioremediation is or will occur, however. So how does one tell whether and which of the 
potentially relevant microorganisms detectable at a given site are performing the desired reaction? Currently 
available detection techniques generally do not provide a satisfactory answer to this question. The reason for this lies 
in the fact that in most field situations uranium-transforming microorganisms represent only a very small fi-action of 
the microbial subsurface community. Since uranium represents only a small portion of the sum of electron-acceptors 
available in situ, uranium-transforming microorganisms are likely to be out-numbered by other indigenous bacteria. 
Thus, non-selective techniques such as airq^lification of 16S rDNA followed by denatiuing gradient gel 
electrophoresis (DGGE) analysis may fail to detect uranium-reducing bacteria that are present at low densities only; 
the use of genus-specific PGR primers in contrast should always produce positive results when targeting ubiquitous 
microorganisms, irrespective of the organisms' actual role in the transformation of radionuclides. The use of stable 
isotopes as chemical reporters can help to discriminate metabolically active bacteria from dormant or dead 
community members and firam those performing functions unrelated to bioremediation/biostimulation. 

I propose the use of stable-isotope labeled substrates {e.g., '^C-labeled acetate) as chemical reporters of 
biotransformation activity in miniaturized, field-deployable down-well devices. The device will have identical 
dimensions to a 96-well microtiter plate (or to other commercial test systems for which automated analysis aheady 
has been perfected). The device will be deployed — folded into the smallest possible conformation— by lowering it 
into a standard casing of a groundwater monitoring well (typical well casing diameter is 4 inches). Each of these 
tools will hold 96 (and potentially even more) different, physically separated test environments, or "test wells." 

Once the device has been lowered into die monitoring well to the desired depth, it will be triggered from the surface 
via an electrical signal conducted by a wire (or via other means such as a programmed build-in mechanism). 
Triggering of the device will expose each of the up to 96 "test wells" to the flow of groundwater. Microorganisms 
suspended in the groundwater will attach themselves to the presented surfaces and will become trapped in the 
device. Additional free-living microbes will become trapped once the device receives the signal to close again. 
Some of the test wells will have uranium-coated bottoms (representing the contaminant of concern). Individual test 
wells may also contain one stable-isotope labeled nutrient for determining its effect on microbial growth and 
activity. The now closed device will be incubated in situ to allow for growth of microorganisms on the labeled 
substrates. 

During this incubatio n period, all bacteria direcflv or indirectly involved in the utilization of isotope-labeled electron 
donors will become enriched in isotope-labeled DNA. Following retrieval of the tool from the well, microorganisms 
may be washed off the surface and their isotope-labeled, higher-density DNA may be separated from background 
DNA by density-gradient centrifugation. This higher-density DNA (and die non-labeled DNA) can then be analyzed 
using known molecular techniques. Oligonucleotide microarrys may serve to identify/enumerate target-specific 
organisms whereas clone libraries may be used to identify novel, uncultured microorganisms. The device may be 
used in conjunction with commercially available robotics for automated extraction of DNA. The extent of 
microbially induced corrosion of metals/radionucliudes may be measured optically by scanmng the metal surface 
with a laser; alternatively, contaminant biotransformation may be detected biochemically via addition of a 
dye/reporter or electrochemically via measurement of electrical resistance. Analysis of the uranium-coated surface 
will allow for determining the extent of uranium reduction and the calculation of pollutant removal rates occurring 
under in situ conditions. 

Test wells of the devi ce also may be equipped vfith a matrix allowing for the slow, continuous release of chemicals 
(e.g.. external carbon and energy sources: other nutrients: conditioning agents such as pH or redox agents). The 
matrix may be a polymer or a membrane vesicle containing the nutrient in question. Diffusion characteristics of the 
matrix/membrane may be selected to achieve different nutrient levels in each of the test wells if desired. Presented 
nutrients may be added in solid, liquid or gaseous state. Energy sources may be presented in the presence and 
absence of pollutant coating. 

Some of the test wells may be configured for continuous flow-through operation in situ. Flow through the device 
may be passive or active. In active devices, a small pump would facilitate groundwater movement whereas tubing of 
various length and configuration may be used to prevent die effluent of one test well to become the influent of 
mother. These test systems will report on intrinsic (bioremediation) biocorrosion potential and rates. Computational 
analysis o f the up to 96 resultant data sets using subtractive profiling will ad a hitherto unattamed discriminatory 
power to t he analysis of both microbial community composition and fimction in subsurface environments (Figure I). 
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Figure 1. 

The above schematic illustrates the utility of the proposed device. Conventional microbial community analysis 
produces a picture as shown in A. The use of isotope-labeled nutrients can reveal which of the detected 
microorganisms are alive and active (right half of the commiuiity shown in A). Use of the proposed device will 
allow for the determination of up to 96 commimity profiles determined under various environmental conditions (B). 
Computational analysis of the resulting data using subtractive community profiling allows one to identify inportant 
pollutant-transforming microorganisms within the large group of active microorganisms (not all metabolically active 
bacteria are partaking in the bioremediation process). In addition, environmental conditions in the device may allow 
for the selective enrichment of pollutant-degrading bacteria; some of these may be detected for the first time (C). In 
addition to the microbial profiling data, optical/chemical analysis of the proposed device will provide data on the 
rate and extent of biotransformation under 96 different scenarios including the conditions prevailing at the site. This 
information is critical for designing bioremediation strategies for site cleanup. 



The technology is deemed enabled in the legal sense as it uses various proven techniques and technologies 

in a novel and non-obvious way to achieve the desired goal: the rapid automated analysis of field samples for 
microbial community conqwsition, degradative potential, and degradative activity under prevalent conditions and 
under those conditions that may be created in situ to accelerate the bioremediation process. Techniques/technologies 
incorporated in the novel device include: 

1 ) Down- well tools for sampling for monitoriog wells 

2) Multi-titer-plate testing and fully automated analysis 

3) Slow-release confounds for continuous release of microbial nutrients 

4) Membrane technology for delivery of nutrients 

5) Micro fluidics 

6) Laser detection of microbially-induced corrosion 

7) Automated DNA extraction 

8) Isotope labeling of microorganisms 

9) Density gradient analysis for separation of high-density labeled DNA 

10) Microbial community analysis using microarrays and bioinformatics 

1 1) Subtractive community profiling for identification of relevant microorganisms. 
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Production and Testing of an In Situ Microcosm Array Prototype 



Rolf U. Haiden, Ph.D., P.E.. Assistant Professor of Environmental Health Sciences 



Abstract 



In situ microcosm arrays (ISMAs) are field deployable devices designed to assist in any of the following tasks: (1) design 
and monitoring of bioremediation, (2) environmental risk assessment for genetically modified microorganisms and non- 
native, exotic species, and (3) the discovery of novel microorganisms, enzymes and natural products of interest to the 
biotech and pharmaceutical industry. In the past six months, JHU has filed three provisional patent applications detailing 
ISiVIA sampler design and laboratory analysis strategies. Accordingly, the integrated ISMA technology is a three-step 
process consisting of the follow/ing: (1) deployment of remotely-controlled, submersible, miniaturized test systems 
(microcosm arrays) that facilitate massive, parallel, biochemical testing of natural microbial communities in situ on a 
micro-scale, (2) automated, robotic analysis of the sampling devices followirig retrieval from the target environment {e.g., 
groundwater monitoring wells, lakes, rivers, and extreme environments such as hot springs, deep sea vents (black 
smokers) and aquatic biodiversity hotspots), and (3) computerized data analysis, data normalization, and calculation of 
biochemical turnover rates. A recently completed prior art search suggests that the proposed technology is novel, enabled 
and non-obvious. A commercialization study is currently underway; initial results identify potential licensees/customers in 
two market sectors (bioremediation and pharmaceutical industry), each totaling »$100M per annum. Following review of 
an ISMA research proposal (R21), the NIH review panel unanimously concluded in their summary statement: "The 
proposed techniques offer huge promise for improving bioremediation efforts." However, the agency would like to see 
more preliminary data before committing to the project. Some concerns raised by the review panel over the genomic and 
proteomic analysis of ISMA samplers have already been addressed in experiments conducted after submission of the NIH 
R21 research grant. Other concerns relating to the feasibility of in situ microbial enrichment may be overcome best by 
producing and testing of an ISMA prototype. Overall, significant progress has been made in developing the ISMA 
technology concept; the prior art search and commercialization study suggest that the technology has broad applicability 
and excellent potential for generating revenues. The JHU Enterprise Development Organization staff shares this opinion 
and continues to support the project. Because the work has progressed much more rapidly than anticipated, available 
funds of the initial TT Seed Grant have been depleted now. The richness of the technology and its revenue potential 
justify the grant renewal requested with this application. New funds in the amount of $25K will be used (1) to produce an 
ISMA prototype according to the computer-assisted design (CAD) specifications contained in the provisional patent 
applications, and (2) to collect a set of performance data at a California Superfund site. Experimental validation of the 
ISMA sampler needs to be completed by the March 2004 deadline in order to ensure successful intellectual property 
protection and the broadest possible patent claims. 



In situ microcosm arrays (ISMAs) are part of an innovative technology designed to facilitate cost-effective and efficient 
environmental monitoring, environmental risk assessment and biological prospecting (bioprospecting) for novel 
microorganisms, enzymes and natural products. The integrated ISMA technology consists of three components that are 
utilized in sequence: (1) deployment of remotely-controlled, submersible, miniaturized test systems (microcosm arrays) 
that facilitate massive, parallel, biochemical testing of natural microbial communities in situ on the microscale, (2) 
automated, robotic analysis of the sampling device following retrieval from the target environment (e.g., groundwater 
monitoring wells, lakes, rivers, and extreme environments such as hot springs, deep sea vents (black smokers) and 
aquatic biodiversity hotspots). and (3) computerized data analysis, data normalization, biochemical rate 
calculation/prediction. 

The ISMA technology was originally conceived for the purpose of bioremediation. However, a recent patent search and 
market analysis suggest that the bioprospecting component of the technology may be even more important with respect to 
profitability and generation of revenue streams. 

The following general description of the technology is now being furnished on the Johns Hopkins Medicine Licensing 
webpage (http://www.hopkinsmedicine.org/lbd/otl/4207.html): For the management of contaminated sites, the r/s/f 
assessment of microorganisms introduced into natural environments, and the search for novel 
microorganisms/enzymes/compounds applicable to biotechnology, a monitoring tool and analysis strategy are disclosed 
allowing for the automated, rapid and simultaneous determination of the following parameters: (1) water quality and 
toxicity, (2) intrinsic bioremediation potential, (3) accelerated bioremediation potential following nutrient amendment, (4) 
effective bioaugmentation strategies for environmental cleanup, (5) turnover rates of natural compounds and 
environmental pollutants under natural and enhanced conditions, (6) in situ DNA synthesis and protein expression, (7) in 
situ growth/death rates and metabolic activity of native and introduced biological agents under natural and altered 
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environmental conditions, (8) structure and dynamics of microbial communities indigenous to natural soil and water 
environments, (9) identity and activity of microorganisms of potential value for use in bioteclinology. 



Potential commercial uses are identified as follows: Tt)e environmental monitoring tool and strategy could be sold as a 
license, product and/or sen/ice. The technology can be used to obtain in a one-step process a comprehensive 
assessment of contaminated waste sites based on which treatment strategies can be selected, implemented and then 
monitored, again using the new technology. The invention may be applied to assess the potential risk resulting from the 
release of pathogens and genetically engineered microorganisms into natural environments. In addition, it has potential 
value for discovering microorganisms, enzymes and natural products of relevance for the phanvaceutical industry and the 
biotechnology sector. 

Progress Report 

Funding for this project began six months ago on March 1, 2003. In this relatively short period of time, the following work 
relating to the invention has been completed: 

1. In collaboration with the JHU Instrumentation Design Group (IDG), computer-assisted design (CAD) drawings and 
specifications were generated as shown in Figure 1-3. 

2. Laboratory data were generated detailing the proteomic detection of microorganisms and specific functional gene 
products In complex mixtures of thousands of proteins (Figures 4 and 5). Figure 4 illustrates the use of MALDI MS 
peptide fingerprinting for the identification of a specific microorganism of interest in the field of bioremediation: 
strain Sphingomonas wittichii RW1 , the only bacterium capable of utilizing dibenzo-p-djoxin as the sole source of 
energy and carbon. Figure 5 shows the use of MALDI tandem mass spectrometry for the identification of specific 
enzymes in complex mixtures containing thousands of proteins. In this case, sequencing of the mass at 3036.34 
resulted in the successful detection of the dioxin dioxygenase in crude cell extracts using Mascot database 
searching. In both instances, results were achieved with minimal sample preparation. These analyses can be fully 
automated and performed within a matter of minutes. The work illustrates the feasibility of proteomic analysis of 
ISMA compartments in which specific microorganisms have been enriched using selective nutrient sources. A 
manuscript describing the methods and results is in preparation (Halden and Wisniewski 2003). 

3. Additional laboratory work concentrated on the molecular-genetic characterization of natural microbial 
communities. Results of these studies have been presented at this year's Annual Meeting of the American 
Society for Microbiology in Washington, DC (Franklin, Madrid et al. 2003; Xie, Palmateer Oxenberg et al. 2003). 
These data will serve as a measure of comparison for results to be obtained with the ISMA prototype at the study 
location. Due to space limitations, the complex phyiogenefic trees obtained in these studies cannot be reproduced 
here. Instead, the concept of stable isotope probing (SIP) is being presented as a strategy for separating ^^C- 
enriched DNA from non-labeled DNA (Figure 6). This methodology can be exploited to separate DNA and identify 
microorganisms that have taken up specific isotope-labeled compounds contained in the ISMA sampler. 

4. Two research proposals were submitted to DOE and NIH, with the respective content being protected by three 
provisional patent applications (JHU Ref. # 4207); 

a. DOE Natural and Accelerated Bioremediation Research (NABIR) Program. Project title: Automated 
Identification of Uranium-reducting Bacteria Using Sampling Arrays, Stable Isotope Labeling, and 
Molecular-genetics and Proteomics. 

Status: Not funded; resubmission encouraged. Reviewers' comments: Highly innovative approach to the 
identification of environmental microorganisms. Project lacks preliminary data on the proteomic .analysis of the 
sampling device; some of the proposed methodologies are not well developed yet.. Author's comment: This 
early proposal did not contain the attached CAD drawings and specification. It also lacked preliminary data on 
proteomics. Significant progress has been made in both cases, as illustrated by the results shown in Figs 1-3 
(ISMA design) and Figs 4-5 (proteomic analysis of microorganisms in complex protein mixtures). 

b. NIH Molecular Structure and Function. Project title: Molecular Assessment of VOC Bioremediation 
Potential. 

Status: Funding decision pending; priority score of 242 suggests a negative decision in this review cycle. 
Reviewers' comments: "The proposed techniques offer huge promise for improving bioremediation efforts. 
Reviewers unanimously approved the innovative aspects of this proposal; however, the panel expressed 
concern over the microbiological details." Author's comment: Some of the criticism voiced can be addressed 
using the new data generated after submission of the proposal. Overall, there was a lot of enthusiasm for the 
study in general and the innovative aspects of the proposal in particular. 

5. Frequent meetings and interactions took place with JHU personnel and contractors to explore the 
commercialization of the ISMA technology; individuals involved include Deborah Alper and Renae Speck (JHU 
Licensing and Technology Development Office), Nora Zietz (JHU Enterprise Development Organization), Mark 
Heffernan (Commercialization consultant), and Ruth E. Tyler-Cross (Contracted registered patent agent). 
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Figure 1. 

Schematic showing the /'n situ 
microcosm array (ISMA) 
suspended in a standard 100-mm 
diameter groundwater monitoring 
well. The device is supported from 
the surface via an umbilical, that 
holds it in place and provides 
power and vacuum for actuation of 
the integrated closure mechanism 
and pump. 



Figure 2. 

In situ microcosm array (ISIVIA) 
system components. 
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Figure 3. Cutaway view of the closure mechanism and the microcosm array (please refer to the three 
orovisional oatent aoolications for additional details.) 



Figure 4. Representative mass spectrum of 
10 typsin-digested cells of the dioxin- 
degrading bacterium Sphingomonas wittichii 
RW1 . The inset spectrum is deisotoped to 
illustrate the monoisotopic masses 
submitted to the Mascot database. The 
mass at 3036 m/z corresponds to a 
prominent dioxin dioxygenase peptide. The 
peak at 842 m/z is a porcine trypsin 
autolysis product and was used, in part, for 
internal calibration. 



Figure 5. Fragmentation spectrum for the 
mass at 3036 Da. The inserted table 
indicates the fragments detected. The ion 
cutoff value for Sequest-database searching 
limited the masses used and only 15 of the 
highlighted 28 masses were used. B ions 
are generated when the charge is retained 
on the A/-terminal side of the fragment while 
Y ions are generated when the charge 
remains with the C-terminai side. These data 
illustrate our ability to detect an enzyme of 
importance to bioremediation with minimal 
sample cleanup in a complex mixture of 
thousands of proteins of one or more 
microorganims. This type of analysis can be 
automated and performed within minutes. 
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sm«i?n hmI^ ^" ^'""^ "^^^^j^^^ki et al. (2000) and illustrates the use of stable"isotope probing for 
separating DNA from microorganisms grown on specific "C-labeled compounds of interest 




Extraction of DNA from soil (Zhou et al., (1 996) 
Appl. Environ. Microbiol. 62:316-322 
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Exploring the uncharted microbial world using microcosm arrays 

Rolf U. Halden, PhD, PE, Johns Hopkins Bloomberg School of Public Health 



Abstract 



More than 99% of environmental microorganisms neither grow nor function in laboratory conditions. The 
present study addresses this challenge by introducing a new research tool for exploring microbial processes 
in saturated media that harbor a large fraction of the uncharted microbial world. The underlying rationale of 
this study is that if the microorganisms do not tolerate the transfer from their natural habitat to the laboratory, 
then the laboratory has to be delivered to the microorganisms. The proposed technology can be broken down 
mto three principal steps: (1) deployment of remotely-controlled, submersible, miniaturized test systems 
(microcosm arrays) that facilitate massive, parallel, biochemical testing of microbial communities in their 
natural habitat on a micro-scale, (2) automated, robotic analysis of the sampling devices following 
mcubation in the target environment, and (3) computerized data analysis using genomics/proteomics 
database searching. The usefulness of this new research strategy will be assessed in laboratory and field 
experiments concentrating on the biological cleanup of subsurface environments. Specific aims of the 
proposal are to demonstrate that microcosm arrays (a) can serve to actively capture, concentrate and 
selectively enrich microorganisms of interest, and (b) that the device can be analyzed using proteomic tools, 
i.e., mass spectrometric techniques for the rapid analysis of proteins that potentially can reveal both the 
identity of microorganisms (genotype) and the molecular composition of cells (phenotype). Field-testing of 
the microcosm array technology will be conducted at a highly contaminated Superfund site that has been 
characterized previously with state-of-the-art research tools. The new technology potentially will benefit 
both human and environmental health by improving bioremediation design and by accelerating the discovery 
of novel microorganisms, enzymes and metabohc processes. 




Exploring the uncharted microbial world using microcosm arrays 
Rolf U. Halden, PhD, PE, Johns Hopkins Bloomberg School of Public Health 

Introduction. In the second half of the 17th century, Antonie van Leeuwenhoek discovered the 
microbial universe using a pnmitive microscope. Today -some 350 years later-most of die SscoDicallv 

I'nnLt d'.rr^'^'"''"'' ^""T^^ '^"^""'l uncultivated and their^individual metabolismsTbS 
proposal descnbes a new research s^ategy that employs in situ microcosm arrays for studying the ecolosical 
nrfnilST °^ T'°''''k including thosc that refuse to grow and function outside of their nShabk^^'Sie 
K ^^nf f P'Tk^ e'^Ploited to selectively enrich specific members of the microbial community and bv 

use of isotope-labeled substrates, to unambiguously link them to a specific biochemical reSn of^iSest 
tln^tr 'ffr°^ot^,^?ys potential^ ha^ broad applicability, this p?oof-of-principle studTwill focus on one 
particular use: the biological cleanup (bioremediation) of contaminated groundwater 

Sfiif^J'If'l^^^ demonstration site-located at DOE Superfund Site 300, CA-is the highly contaminated 
Budding 834 Area for which I served as the restoration project leader from 1998 to 2001. ThSlocTon is 
mteres mg from a microbiological viewpoint for at iSast two reasons. First, maximurgroundwatS 

T^nr^STTf£l'^nV ^TP^' historically' been clos^to^ he po^nt o 

saturation (-1,084 mg/L) thereby creating an unusually challenging environment for indigenous 
microorgariisms. Second, TCE was spilled together with tetrakis(2-ethylbutoxy)silane (tSs), a suLo^^^^^^^^ 
lubncant that can support both the anaerobic and aerobic breakdown of chloroethenes Previous laborato^ 
expenments showed that the four branched alkane side-chains of the water-insoluble TMS releaLd uS 
iXr^'n '^T t^ydrolysis (9). Data from groundwater microcosm sUi^fes ^vS that the 

f^^e^ted to 2-ethylbutyrate, acetate and hydrogen (10). Recently, we provided 
SJ'^n °w ^'^^^ ^""^^ demonstrating that the hydrogen generated durini TKEBS fermentatiris utUized 

by Dehalobacterrestnctus and similar microorganisms plrfo^ning the reductive decWoriS™TCE to^^^^^ 
dichloroethene (DCE at the site (8, 10). Interestingly, TKEBS can also serve as a grZh substrate foi^l^^^^^^^ 
microbes that cooxidize DCE (9) The proposed study will explore the nature of TOBS-Sx dTzfnf Sbes 
£ji rj.''' responsible for the observed loss of DCE from siteVundwater. Due to rainwater nSiaTbTand 
™bToxS^^^^ groundwater frequently cycles between aerobic and anaerobic conditions; the?efo?e 

^ZZt' ? microbial diversity and phylogeny of this complex subsurface environment we 

previously conducted culture-independent microbial community analyses on groundwater from eigli? 
S^T.H? l^°TnMA ^ S'^^^f."; highly-contaminated to pristine (1, ?X ThLe 

e ^?tronh^?llc m^^^ amplification of eubacterial 16S rDNA, denaturing grad ent gel 

electrophoresis (DGGE) DNA sequencing and sequence alignment using ARB software. To date over 400 
DNA sequences have been obtained from the site and analyzed with respect to phylogeny Ld sLtial 
distnbution, thereby providing a detailed picture of the microbial community composition (1, 8) HoS^vw 
S^f.'h?;>'''/^v '^T^'^^ need for ecological research tools that can link detected m croorgSl to 
metabolic activities known to occur in situ; specifically, at this point it is uncertain which of the detected 
microorganisms are partaking in the aerobic turnover of 2-ethylbutanol released during TKEBS hXlvsi The 
here proposed microcosm array technique could provide answers to this and similar ecSlogical questions. 

fnnrtin?^fi°e°^^'^vTi?®- "'^^f ^y,"!^ rationale of this study is that if the microorganisms cannot survive and/or 
n^onnc.H t ^^^"^ natural habitat, then the laboratory has to be delivered to the microorganisms The 

proposed technology can be broken down into three principal steps: (/) deployment of remotely-controlled 
submersible miniaturized test systems (microcosm arrays) that faciWe massive, parallel, biocheL?al testins 
I'^frinr communities m then- natural habitat on a micro-scale, (ii) partially automated, SoSnaS^^^^ 
a^nSi^r^f^^^'-^^Jfr""^ incubation in tlie target environment, and (m) computationa data andysii using 
P^^^rj^ databases and search engines. The usefulness of this research strategy will be assessed"n 
laboratory and field expenments concentrating on the bioremediation of subsurface environments Specifi c aims 
Of the proposal are to demonstrate (A) that microcosm array, can serve to .nti velv canture rn nnpntr.f. .nH 
selectively ennch microorpanisms of intere.st. and fm that the ...e nf r. otope-laheled t^-.t c oZound. in T. 
device can serve to unambiguou sly lin k mi c robial ro mmunitv fnnrHnn to phvlo^env F^gp^yr 
microcosm arrays will be analyzed with state-of-the-art genomic techniques (/.k. staW isotope Zbin? SIP 
(U)) and proteomic tools, l e., mass spectrometric peptide fingerprinting and peptide sequencing for the raoid 
SSHf^teL'^^r '"^"'"^ of mTcroorlaoi.:^ Uty^) and VmofeS 

Perr^qu^ by the JHU Imelleclual Pr^ Officer^ wlO, permission o/Kolhenne tfaiiamsfrom rt* Becknua, Foundatlon-Ais p»«^al is ntcrked: 

Confidential 



Dntenti«^?v?«n Lv?^ • "^"^ technology is of great interest to the field of bioremediation as it 

potentially can revea in a one-step process the natural composition of microbial communities and their 
response to the addition of nutrients and microorganisms for accelerated site cleanup SrSoreover Ae 
selec ive enrichment of specific microorganisms in individual compartments of the devke may fSn as a 
virtual protein amplification reaction," similar to the PGR of DNA: it may increase tL conceSSSn of 
specific proteins (biomarkers) such that conventional time-intensive genomic analyse^mL b^ rScS^bv rao^d 

?SSr' ^f-*^^^°° ^^^^''^^ enzymes involved in poUuS rgrada Bey^^^^^ 
specific bioremediation application, microcosm array technology ootentiallv mav heS' hnian Ir.^ 
environmental health by accelerating the discovery of no/el microorgSisSfenzy^^^^^ Soblaf pr"s 

Research Approach. The proposed in situ sampling and monitoring tool consists nf fivf» maJr^r 
components as shown in Fig 1. The centeipiece is the microcosm array, which islased on ELdard 96S 
microtiter-plate format to allow for fully automated analysis using commercial y avSleroboti^^^^ 
sampling array holds 96 "capillary microcosms" that can be operated in either batch moSow-toS mode 

^ n J° H^T'°?K T- ^'^^^ ^° fit into a standard 100-mm mon tS S where U 

can be deployed below the water table at the desired depth. The built-in closure mechan^^^m ani thp l^t^afltn 

o^rllr I valve plates (Fig. 2) to shift and the pump to start, thereby exposing each of the 96 microcosms to 
LrSu'^-''^ S°'^l ""dwater Microorganisms suspended in the groundwater wHlL forced in^ the 

capillanes. Each capillary is filled with a ffltration material (e.g., inert glass wool plugs or stSlfzed norou^ 
aguifer matenal . The filtration matrix of some capillaries will be amendedN^rteSbsfance^^^^^^^^^ Sv 

energy o^ce'sV ufefe^L^'/lf /T/'f ^'^^^^^T- (^-^-.^Sar beads containing SobS cSboS 
^S-!? / 7" f I ^?°t°P^ labeled test compounds m conjunction with SIP is being proposed to link 
SSJ wjI""/''?" ^° phylogeny ((11) and references therein). The device can be operateWXw-thJough 
A?fiL7f^ deploymen durations being dictated by environmental conditions and in «7« growth rates 
to sS^ti^b^^^^^^ inoculation period in flow-through mode, the closure mechanism cafractivafed 

to switch to batch mode, for selectively ennchmg specific microbial subpopulations and for maximizinrthe 
uptake and incorporation of isotopes into biomlrkers (e.g., DNA, enzymes). The effluent of t^ vari^ 
capillary microcosms is collected in a bladder at the end of the device, with a check valve preventinrbackflow 
of liquids. Owing to the presence of the bladder and the unidirectional flow within the devfcenonfoft^^^ 
effluent can escape into the suirounding groundwater. For this rea.son. the, device rnw. nn. tn S the effect of 
various environmental maninnlations under in .itn conditinn. w^thnnt relea^inrry -SI thl^l.^f/^^^^ 
biological apents, or impactin'f^ in an v wav the hiolop v phvsics or che.mktry of the L.HVln..Hnn ""^ 

^'iv*iH°^1?"''^P^ f"^'^^ n''"^ the microcosm array technology will be conducted in the laboratory with defined 
mixed cultures of partially or fully sequenced microorganisms that serve as surrogates for moTrcoSptex 
S communities o? unknown composition. These experiments wHl be designed to Se 

ability of die device to capture and concentrate microbes entering the capiUary microcosms in a SSoUed flow 
of simulated groundwater. Parameters to be determined in thest experiment indude thT"captSeSSn^^^^ 
for microorganisms suspended in feed water, and tiie uniformity of loading as a function of SaS posSn 
diiriJn^^ntT.-- ^""k""^' ^ ^^"g^W configuration will ie tested, ff serious clog^ng TSn flow 
''•^'"f ^ multi-channel pump configuration will be used as describid elsewhere (2^ 

Sw thJf ' r^°™^y ^^beled compounds C^Q-benzoic acid; '^C.^-dibenzofuran) will be added to some of Ae 
flow-through microcosm compartments in the form of noble agar beads tiiat are mixed into the filtStion 
matenal (g ass wool) and tiie device will be fed witii filtered groundwater con^inTng known quaS ties of 
nucroorganisms capable of utUizing these test chemicals as carbon and energy sources (1^ teltinftS gra^^^^ 
of tiie dioxin-degradmg sXx^mSphngomonas mttichii RWl on dibenzofuranlsee (4. 6) and Senles thfS 
TJiese experiments will provide initial estimates of inoculation periods and operational strateSeq^^^^^^^ 
of flow-through and batch modes) suitable for enriching selected microorganisms of inSS fS comDlex 
microbial mixed cultures entering tiie device. The "captufe efficiency" and flow u^ fonnT^^^^^^^ be deteZfned 
by enumerating microorganisms exti-acted from individual capillary microcosms on sdective r^eX as 
described previously (4-6). Uptake and incorporation of '^C-Iabeled corJpounds in labo?ato^ expS^^^ 
«n.f WM?^ "''"^ proteomic analyses tiiat are faster and less labor-imensive than the uTe of geSc S^P 
V ^^^^ • P'-^l^^^^i?' data for details). Reference mass spectra of non-labeled and Sn°fofS?kbeled 
biomarkers will be obtamed from cells grown in controlled conditions {e.g.. Figs 3 and 4). """"^'^ ^^^^^^^ 

Finally, tiie mkrocosm array will be deployed at tiie Building 834 Operable Unit at Site 300 CA to evaluate its 
^S^i"n'L'° ^'"i^ ^° "^'^'^ possibility of linking microbial phylogeny knditto^^ 

tests will be conducted m groundwater monitoring wells for which wl already ha?e collect^ eSsTve set of 
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chemical and microbial data (e g., W-834-D3 and -T5) (8-10). In these experiments, non-labeled and 'Re- 
labeled analogs of TKEBS, 2-ethylbutanol, 2-ethylbutyric acid and acetate (10) will serve to identify bacteria 
involved m the aerobic breakdown of TKEBS, using both proteomic and genomic (SIP) analyses. The biomass 
collected in these expenments may also be tested for its ability to cooxidize chloroethenes (9) 
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Figure 1. In situ microcosm array system components configured for deployment in a monitoring well. 




Pressure Vessel with Microcosm Pump 
Closure Mechanism Array 




Effluent Bottle 



Weight 



Figure 2, Cutaway view of the microcosm array 
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figure 4. Etamemmioa.simtmJauhe.j^^ 
mlz^ The inserted table hidicates the fragments detected. 
The ion cutoff value for SfcOWfisX-database searching 
limited die ma.vses used, and only 15 of the highlishted 28 
miusses were submitted. The data illustrate our ability to 
detect an enzyme of importance to bioremediation widi 
minimal sample cleanup in a complex mixture of 
thousands of proteins originating from one or more 
microorganisms. This method is rapid and can be fully 
automated for high-throughput analysis. 
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Workable Extent Addendum, dated 12/7/2003 



A logical extension of the in situ microcosm array technology is its adaptation for 
medical purposes, particularly personalized medicine. For this use, the device will be 
redesigned and significantly reduced in size to reflect a micro-electromechanical system 
(MEMS). Design types would include rigid and flexible microcosm array assemblies 
including a small pump or flow equalizer, an inlet for bodily fluids (blood or other), a 
manifold for distribution of the hquid, a number of compartments that can be operated in 
flow-through or batch mode, and one or multiple effluent containers for capturing the 
combined or separate effluents of the various compartments. The compartments can be 
outfitted with slow-release sorbents/pads from which active ingredients can fi-eely diffuse 
into the (blood) stream. Alternatively or in addition, the compartments can be outfitted 
with small quantities of healthy or pathologic cell tissue, e.g., tumor tissue obtained fi-om 
biopsies. The entire device can be thermally insulated on one side (facing outward away 
from the patient) and optimized for heat transfer on the other side (skin contact) through 
selection of appropriate manufacturing materials. The MEMS is coimected to the 
patient's bodily fluid system via an IV or catheter and is strapped or otherwise fastened to 
the patient's body to reflect as closely as possible the body core temperature. In this way, 
the device can be used to screen the efficacy of different drugs at various doses in the 
patient's blood stream without exposing the individual to the compounds tested. In 
addition, the device can serve to monitor the patient's response to medication and can 
serve to study the behavior of tumor cells in response to the treatment as well as any 
adverse reactions of other cell materials that can be included in the device. Analj^is of 
the device can be done by a number of techniques including physical, chemical, and 
biochemical analyses as well as genomic and proteomic tests as specified previously. 




mVENTION DESCRIPTION 
Describe the invention completely, using the outline given below. 



1. Abstract of the Invention [Briefly describe the invention] ~ 

A new tool has been devised for the environmental monitoring of biodiversity and biochemical functions, and for 
studying the enviromnental fate of non-native, introduced microorganisms. The tool is made from an inert material 
and contains a large number of compartments (tens to thousands) designed for capturing microorganisms in their 
natural environment and for determining their biochemical potential and activities in situ. The compartments of the 
tool serve as biochemical test vessels. Each compartment contains test substances (organic or inorganic) that may 
be labeled with isotopes for uptake by or binding to metabolically active microorganisms. The tool is used by 
exposing the individual test compartments of the device to the matrix of interest (e.g., submeiging the device in 
groundwater) and by incubating it in situ prior to analysis. Typical test compounds are environmental poUutants, 
electron donoi/acceptor compounds, as well as microbial carbon sources and energy sources. The device may also 
be amended with bacteria/spores/ viruses and protozoa to determine their survival in the environment and to 
measure any change they may cause, including ecological effects. Following incubation in the test environment, the 
tool is analyzed for marker compounds (e.g., 16S rDNA, '^C-Iabeled DNA, ribosoinal proteins, etc.) that are 
characteristic for the trapped indigenous microorganisms. Analysis of isotope-enriched maricers allows for 
identifying metabolically active microorganisms. Additional analyses can be performed on the environmental 
sample and/or on the inner surfaces of the tool in order to determine biofflm composition and microbially-induced 
change. These analyses provide both a picture of the microbial community and a corresponding rate of chemical, 
biochemical and/or physical change. Computational analysis of the multiple community profiles and corresponding 
rates of change (by e.g., subtractive profiling) can be used to link observed functions to specific microbial 
community naembers. This technology is novel in that it combines automated biochemical in situ screening, use of 
isotopes, in situ sampling and incubation, as well as culture-independent microbial community analysis. It can serve 
to link observed reactions/activities to distinct members of complex microbial communities. It can be exploited in 
the environmental monitoring of cleanup sites and in biodiversity prospecting etc. When used to forecast reactions 
rates in altered environments, systematic biases may occur in the form of "bottle effects" but can be accounted for 
by standardizing the analysis, and by using algorithms that correct measured rates for biases via interpretation of 
databases containing pairs of predicted and actual rates measured following environmental manipulations (e.g., 
nutrient and oxygen addition). The device also may be applied in bioaugmentation studies and in assessing the 
environmental survival and impact, as well as the risk posed by introduced non-native microorganisms. 



2. Problem Solved [Describe the problem solved by this invention] .1 
The new tool and analysis strategy allows one to determine die microbial community structure of complex 
environmental mked cultures, as well as to link an observed chemical, biochemical and/or physical change to a 
jarticular microorganism. Due to the incubation of the tool in situ, rates determined with the device are expected to 
closely mirror actual rates currently or potentially occurring in situ. The use of isotopes m conjunction with 
molecular-genetic and/or proteomic analysis techniques allows one to distinguish dead and dormant 
microorganisms from metabolically active ones (only viable cells will incorporate die label into biomarkers). 
Parallel testing of effects caused by various environmental parameters {e.g., type and concentration of added 
nutrients/mixtures/microorganisms) allows one to deduce yfbich. of the metalx»lically active microorganisms are 
responsible for an observed change. This has important implication for the design and monitoring of 
Jioremediation strategies, e.g. bioimmobilizaiton of uranium by bacteria. Taken together, these characteristics of 
the new technology provide a hitherto unattained level of discriminatory power that will enable one to selectively 
ennch for and identify novel microorganisms and microbial fimctions. This is of great importance for the cleanup 
bioremediation) of contaminated sites and for the biological prospecting for novel microorganisms. Furthemiore, 
the technology can be used for assessing the survival and metabolic activity of foreign species in natural 
environments, which is of hnportance to public health. _^ 



3 Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 
The tool and analysis strategy are novel because they combine solid-phase sampling techniques, in situ enrichment 
and biochemical screening, use of electron donor/acceptor pairs and isotope labeling. They are novel m that they 
provide data for tens or even hundreds of hypothetical environmental scenarios and allow one to determine the 
likely rates of environmental change induced by these perturbations. The strategy is novel in that it makes use of in 
situ microcosm arrays in conjunction with culture-independent microbial community analysis to obtain a 
comprehensive picture of microbial communities and to link specific microbes to observed reactions by using 
computer-assisted subtractive profiling techniques. The proposed inclusion of miniaturized pumps and closure 
mechanisms into the m situ microcosm array sampler is new as it will allow one to first moculate and then mcubate 
the device in the environment without removing (and potentially harming) the resident microbes from their natural 
environment The device also aUows one to determine how non-native microorganisms will cope in natural 
environments when confronted with physical, biological and/or chemical stressors. For this appUcation, test 
organisms will be inoculated into the device prior to its deployment Semi-permeable membranes can allow the 
introduced species to come into contact with the target environment while staying contained in the device. 



4. Detailed Description of the invention: 

On a separate page(s), attach a detaUed description of how to make and use the invention. The description must 
contain sufficient detaU so that one skilled in the same discipline could reproduce the invention. Include the 
fdllowiag as necessary: 

Please refer to the attached two grant proposals and one abstract taken from a letter of intent sent in response to a 
request for proposals. 

1- data pertaining to the invention; 

2- drawings or photographs illustrating the invention; 

3- structural formulae if a chemical; 

4- procedural steps if a process 

5- a description of any prototype or working model; 

In general, a manuscript that has been prepared for submission to a journal wUl satisfy this requirement 
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5. Workable Extent/Scope pescribe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a confound, describe substitutions, breadth of 
substitueiits, derivatives, salts etc, MDNA or other biological material, describe modifications that are expected to 
be operable, if a machine or device, describe operational parameters of the device or a component thereof 
including alternative structures for performing the various functions of the machine or device] 

The proposed technology has a broad workable extent Microfluidics and closure mechanisms may be integrated 
into the sampler to separate in time the inoculation of the device (pumps on; closure in open position) jfrom the 
incubation period that allows chemical change to take place within the sampler's microenvironments (pumps off; 
device closed). Central facilities may be used for analyzing samplers deployed in situ. This wU allow for 
automated analysis and a for high degree of standardization. Standa r dized analysis in turn will allow one to 
determine the systematic biases of the technique (due to "bottle effects"); once identified, these biases can be 
accoimted and corrected for when predicting environmental change caused by engineering interventions. For 
bioremediation purposes, this would entail the development of databases that record predicted biotransformation 
rates and rates actually observed in situ. The format of the tool allows for automated analysis. Speed and ease of 
analysis may be achieved by replacing molecular-genetic analysis with other more convenient measurement 
techniques suitable for discerning isotope distributions (e.g., use of MALDI TOFinass spectrometry for automated 
microorganism identification). 

The device also may be adapted for studying the fete of either beneficial or hazardous biological agents in natural 
environments. This work would require the device to be outfitted with a semi-peimeable membrane allowing for 
interaction of the test species with die environment without allowing for its release. 
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6. References [Please list the closest and most relevant journal citations, patents, general knowledge or other 
public information related to the invention] 

Geyer, R., A. D. Peacock, Y.-J. Chang, Y.-D. Can, and D. C. White. 2002. Presented at the 2002 NABER PI Conference, 
Arlie, VA. Down-Well Microcosm "Bug Traps" and Subsurface Sediments for Rapid expanded-Lipid-Biomarker Analysis and 
DNA Recovery for Monitoring Bioremediation Microbial-Community Ecology within Samples from Uranium-Contaminated 
Sites. In 2002 NABIR PI Cqrference: 2002. Arlie, VA. 



[~] No references available at this time. 




Automated Identification of Uranium-reducing Bacteria Using Sampling Arrays, Stable 
Isotope Labeling and Molecular-Genetics and Proteomics Analyses 



1 Abstract 

This proposal describes a new strategy allowing for the comprehensive and fully 

automated assessment of bioremediation potential at ] sites containing uranium and other 
contaminants. The proposed robotic-ready in situ bioremediation array (ISBA) is a solid-phase 
sampling device that is deployed via lowering into the monitoring well where, over time, it will 
be colonized by indigenous microorganisms. Each sampler contains an array of vials or 
"microenvironments" suitable for the selective enrichment of microorganisms and the 
determination of dieir metabolic activities in situ under differing environmental conditions. It is 
hypothesized that: (A) microbial community data obtained with a basic ISBA sampler are 
comparable to those obtained by the analysis of conventionsd groundwater samples; (B) 
mtegration of electron donors and electron acceptors into the ISBA sampler aids in the 
identification of uranium-reducing microorganisms, enhances the sensitivity and selectivity of 
molecular-genetic microbial community profiling, and also provides predictive capabilities, as it 
conveniently allows for the in situ screening of multiple subsurface amendment strategies; (C) 
mtegration of stable isotope-labeled electron donor compounds into the ISBA sampler aids in the 
identification of metabolically active microorganisms; (D) mass spectrometric analysis of 
ribosomal proteins contained in microorganisms collected on the ISBA sampler can be used to 
identify microorganisms in environmental mixed cultures; and (£) routine identification of 
metal-reducing microorganisms can be accomplished using custom-made database software. 

The project commences with the development of ISBA prototypes and their evaluation m 
laboratory microcosms and in the field (FRC, UMTRA, LLNL, APG). The 16S rDNA of 
microorganisms will be amplified fitim crude DNA extracts obtained fi'om the individual 
sampling compartments and analyzed by denaturing gradient gel electrophoresis (DGGE). DNA 
bands of interest will be sequenced and aligned for phylogenetic analysis using the software 
. package ARB. Microbial community profiles generated with the ISBA sampler will be compared 
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to those obtained using alternative sampling techniques (e.g., groundwater filtration and other 
solid-phase samplers). Following validation of the basic ISBA sampling strategy, we will 
investigate whetfier electron donor and acceptor compounds integrated in and difiiising firom the 
sampler can be used to selectively enrich uranium-reducing microorganisms that then can be 
detected more readily. These tests will include the use of carbon- 13 labeled acetate. High- 
density, "C-labeled DNA of microorganisms that have taken up this carbon and energy source in 
situ will be separated from non-label^ DNA by cesium-chloride/ethidium-bromide gradient 
density centrifiigation for the purpose of identifying and differentiating metabolically active 
microorganisms from inactive ones. 

Additional studies will explore the use of matrix assisted laser desorption time-of-flight mass 
spectrometry (MALDI-TOF MS) for the fully automated analysis of ISBA samplers, targeting 
ribosomal proteins as genus/strain/species-specific biomarkers. This work will commence with 
the extraction and mass-spectrometric identification of ribosomal proteins from pure cultures. 
Next, we will analyze defined mixed cultures of metal-reducmg bacteria anfl'Will modify our 
existing algorithms and statistical models to account for the signal suppression and the 
complexity that is likely to be observed in protein mixtures. Then, we will spike known 
quantities of target microorganisms into uncharacterized environmental samples to determine the 
sensitivity, selectivity, and robustness of our method. Finally, we will demonstrate the fully 
automated analysis of a microtiter-plate-based ISBA. For the interpretation of these experiments, 
molecular-genetic analyses conducted m parallel will serve as benchmarks. Anticipated results of 
the proposed work include the identification of uranium-reducing microorganisms at ' field 
sites, the adaptation and automation of mass-spectrometric techniques for the analysis of 
microbial mixed cultures, and the launch of a web-based microbial identification database with 
accompanying freeware. 

2 Introduction 

Bioremediation is an effective, yet inexpensive biotechnology for removing organic and 
inorganic pollutants from contaminated environments (14). When targeting dissolved metals and 
radionuclides, the goal is to convert water-soluble, toxic species to insoluble, less toxic daughter 
products (23). For example, uranium may be removed fit)m contaminated groundwater and 
immobilized in the subsinface via the injection of carbon sources that stimulate the microbially 
induced precipitation of dissolved U(VI) in the form of insoluble U(rV) (23). In this case, the 
contaminant is being treated "in place" and the process is being referred to as in situ 
bioremediation. 

When designing in situ bioremediation strategies, it is essential to gain an understanding of the 
type, activity, and nutritional requirements of subsur&ce microbial communities present at a 
specific cleanup site (26). Microbial community information also is unportant for convincing 
regulatory agencies and stakeholders that the contaminant is being removed (or, in the case of 
metals, successfully immobilized in the subsur&ce) rather than being diluted or dispersed in 
groundwater. 
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Currently, the assessment of bioremediation potential at a given site is both labor- and cost- 
intensive. A typical approach for implementing bioremediation includes the following two steps: 

(1) Microcosm screening studies conducted in the laboratory to determine the extent of intrinsic 
bioremediation and to identify the type, quantity and frequency of carbon source mjection 
that may be needed in order to accelerate the in situ bioremediation process. These 
experiments also serve to estimate contaminant removal rates but do not accurately reflect 
actual in situ removal rates due to the biases introduced by *1)ottle effects." 

(2) Microbial community profiles are obtained from microcosm and field samples to determine 

the microorganisms responsible for the desired biotransformation reactions. Smce most 
microorganisms fail to grow on laboratory media, culture-independent profiling techniques 
are commonly used, e.g., 16S rDNA-based analyses. 

«» 

This proposal describes a new technology that promises to accomplish both bf the above tasks iq 
a one-step process, potentially vielding superior results bv providing more detailed information 
of higher accuracy obtained more rapidly and, due to automation, at a potentially lower cost. The 
fully developed technology will yield information on what types of organisms are present which 
are alive and metabolicallv active, what type of nutrients and nutrient dosages should be used to 
accelerate bioremediation. and what in situ bioremediation rates would result. 

2. / The challenge of detecting and identifying metabolically-active uranium-reducing bacteria 

The immobilization of uranium can be perfonned by a number of microorganisms. Some of 
these gain energy in the process, some reduce uranium directly in a fortuitous side reaction, and a 
third group may reduce tfie radionuclide indirectly via the excretion of waste products, e.g., 
hydrogen sulfide (see (24) and references therein). Assessing the actual in situ uranium-reduction 
activity of metal-reducing bacteria is challenging, however. Obligate uranium-reducmg bacteria 
representing "reporter organisms" are not known and may not exist Metal-and svilfate-reducing 
bacteria having uranium-reduction potential are ubiquitous in subsurface environments, due to 
the great abundance of metals and sulfate in the Earth's crust (23). Therefore, a subset of these 
should be detectable at all sites supporting microbial life. Thus, probing for metal-reducing 
bacteria with highly sensitive and selective molecular tools (e.g., the polymerase chain reaction, 
PGR) has limited value, as it only will confirm the expected presence of some of these organisms 
in a given location. On the other hand, use of less selective tools {e.g., 16S rRNA gene 
amplification followed by DGGE) identifies only the most abundant microbial species, and thus 
most likely will not include potential uranium reducers. Overgrowth by other microorganisms 
also is expected to occur at sites where carbon and energy sources are introduced into the 
subsur&ce to effect anaerobiosis and accelerated uranium reductioa In these situations, 
fermenting microbes and those utilizing dissolved oxygen, nitrate and other abundant electron 
acceptors are likely to eclipse the potentially small number of uranium-rediicing microorganisms 
(47). 

Another challenge is that the detection of I6S rDNA sequences in environmental samples does 
not necessarily imply any of the following: (a) the population of the corresponding 
microorganism is present (b) it is physically intact (c) it is viable, (d) it is metabolically active 
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and (e) it is performing the desired function. Indeed, in field situations it is possible that a 
specific type of microorganisms can cause a chemical change first observed in a sampling 
location where neither these microbes nor their DNA is present This will be the case in 
heterogeneous subsurface environments where the monitoring well is downstream of the area 
where the relevant microorganisms reside. Thus, using conventional sampling techniques, spatial 
factors and limitations in the monitoring network may make it impossible to accurately link an 
observed chemical change to the responsible microorganism at a given monitoring location. 

Finally, groundwater is the preferred sample matrix for profiling of microbial communities (26), 
as it is both readily available and inexpensive. Unfortunately, the lifestyle of a given target 
organism has a significant impact on our ability to detect it in this matrix. In the extreme, a 
target organism pursuing a sessile lifestyle throughout its existence will be impossible to detect 
in groundwater at a site even if it is present at extremely high densities. Thus, groundwater 
monitoring alone may not accurately reflect the microbial community composition and dynamics 
of subsurface environments. Recently, solid-phase samplers were rediscovered as useful tools for 
overcoming some of these limitations (13). 

j 2.2 Use of solid-phase samplers for biologiccil monitoring 

In their simplest configuration, solid-phase samplers are nothing more than a physical surface 
incubated in an environment of interest for a period of time sufficiently long to allow for the 
colonization by microorganisms. Buried or submerged glass slides have been used extensively to 
collect microorganisms from soils, bioreactors and other environments {e.g., (20)). 

■ ■ " , reported on the use glass wool as a 

passive sampling device (13); the material was lowered into groundwater monitoring wells 
where it passively collected microorganisms over time. Following retrieval of the tool, 
microorganisms were extracted from the "bug traps'* and identified via the detection of 
biomarkers including E)NAj)hospholipids, fatty acids and respiratory quinones (13). An 
argument can be made ftat microorgaiusms collected with a solid-phase sampler are more 
representative of the metabolically active microbial community than those obtained by 
groundwater sampling because the sampling device requires the active physical attachment by 
the microorganisms to be captured. However, dead microorganisms, cell debris and DNA also 
may become entrapped. Highly sensitive tools (e.g:, the PGR) can detect biomarkers of m non- 
living material as well as those of metabolically active microbial community members. Very 
recently, a novel approach was introduced that exploits stable-isotope markers to distinguish 
metabolically active microorganisms from those being dormant or non-viable. This promising 
technique has not yet been used with solid-phase samplers. 

2.3 Use of isotope-labeled substrates for linking observed metabolic activities to specific 
microorganisms 

Stable isotope probing (SEP) exploits the feet that the DNA of an organism growing on carfaon- 
13 enriched carbon sources becomes "C-labeled ("heavier^, thereby enabling one to resolve its 
DNA from the total community DNA by density gradient centrifiigaiion. The approach was used 
successfully for the study of medianol-utilizing bacteria in soil (28, 34, 35). The soil of interest 
was incubated with '^C-labeled medianol, the genomic DNA was extracted and spun down m a 
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gradient of cesium chloride to separate the "heavy" ("C-labeled) DNA from "lighr DNA 
containing primarily '^C. (A small fraction of "C also is present in "light DNA" as a result of the 
natural distribution of this isotope in the biosphere). While representing a powerful research tool, 
stable isotope probing has limited potential for being applied for routine monitoring at DOE 
facilities, however, the technique is too time- and labor-intensive. In addition, it may be 
impossible to automate. An alternative approach for the identification of microorganisms is to 
look for gene expression products (le, proteins) rather than for their characteristic DNA 
sequences. This can be done with the latest generation of mass-spectrometry instrumentation that 
oSers sufGcient speed and sensitivity, while also allowing for complete automation of the 
analysis process. 

2. 4 The role of mass spectrometry for microbial identification 

Matrix assisted laser desorption ionization (MALDI) timc-of-flight |TOF) mass 
spectrometry (MS), with its ability to mduce desorption of protein biomarkers from intact 
bacteria, fun^, spores and viruses, is a powerful and rapidly emerging technology for fast, 
portable and robust microorganism identification (10). Initially developed for biodefense 
applications, this technology clearly also has great potential for environmental monitoring 
purposes. MALDI-TOF-MS techniques are very rapid (<5 minutes analysis time per sample), 
have low sample volume requirements (< 1 mL) and have a generic capability to identify 
microorganisms. The literature (10) indicates that between 5,000 to 10,000 cells need to be 
present on the sample holder to achieve successfiil detection. Two recent reviews elaborate on 
the strengths of this technology and provide an outiook on future applications (10, 21). 

2.5 A utomation of analysis 

Robotic devices have been integrated with MALDI-TOF instruments to an astonishing degree. 
The latest generation of commercially available robotics allows for the fully automated sample 
preparation and analysis, mcluding preparation and imaging of 2D gels, harvesting and digestion 
of the protein spots, and application of the digests to multi-sample MALDI-TOF targets for 
analysis (22). 

This proposal seeks to integrate the above technologies with the goal of providing an irmovative . 
st rategv for identifying uranium-reducing bacteria in complex microbial communities present at 
field sites. In the following section, a selected set of preliminary data is being presented to 
summarize the progress made so far, and to show that our multi-disciplinary research team is 
both well positioned and qualified to carry out the proposed work. 





3.3 Microbial community analysis of the uranium-contaminated LLNL Site 300 

we have obtained a comprehensive spatial dataset on the 
microbial community structure of LLNL Site 300. We have extracted the microbial commimity 
DNA from the monitoring wells at LLNL Site 300 using the methods described in section 5 of 
the research plan. The obtained crude DNA was amplified with the DGGE 16S rDNA 
primers ((42); see section 52) and resolved using DGGE (Figure 2). DNA was excised from 
DGGE gels, sequenced and the DNA sequences put into in phylogerietic dendrograms created 
with the ARB package. These community data (Figure 1; (12)) complement and expand our 
previous work, focusing on 16S rDNA and 16S-23S intergenic spacer region sequences obtained 
from the Building 834 Operable Unit at Site 300 (26). In the meantime our collaborators at 
LLNL — the Madrid/Taffet hydrogeology team — have implemented a field test for uranium 
immobilization at the Pit 7 Complex at Site 300. This location is nearby the previously 
characterized Building 834 Operable Unit (Figure 3), thereby presenting us with an opportunity 
to exploit our knowledge of the local microbial community for the proposed study. The 
paragraph below provides some backgroimd information on ongoing work at LLNL and how it 
will be linked to die work contained in the research plan (section 5). 

The LLNL Pit 7 Complex contains three unlined landfills that have released depleted uranium to 
groundwater. The majority of the uranium contamination occurs in a narrow alluvial channel fill 
aquifer that is a maximum of 25 ft deep. Maximum dissolved uranium concentrations in alluvial 
groundwater are about 270 ppb. Sorption of dissolved uranium to hydroxyapatite (Ca5(P04)30H) 
has been proposed as a suitable technique for passive in situ removal of uranium from 
groundwater at the site. To test the effectiveness of this technique, during early 2003, LLNL 
installed about 3.5 tons of cow bone char in 10 fiilly-penetrating boreholes within the alluvium. 
The cow bone char was mixed with sand (40:60 ratio by volume) to maintain permeability. 
LLNL is currently monitoring groundwater chemistry in wells up- and downgfadient of die 
emplabement to define the effects on uranium distribution. We intend to deploy our samplers 
upstream and downstream of the remediation zone to evaluate the sampling device kad to detect 
possible shifts in the microbial community structure. An overview of the study area is provided 
in Figure 4. 

3. 4 Mass spectrometric identification of microorganisms 

3.4. 1 Preliminary results for the detection of intact microorganisms by MALDI TOF MS 
In the following, we describe a microorganism identification method based on the detection of 
ribosomal proteins in mass spectra of intact cells (31). The ribosomal method was proposed and 
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developed by Dr. Pineda and his team at the Johns Hopkins Applied Physics Laboratory and is 
based on a proposal by Dr. Plamen Demirev et ai. (8) to use proteins in genomic databases as 
biomarkers. This method motivates the mass spectrometry approach proposed in the research 
plan below. Experiments conducted by Dr. Pineda's team showed that with an optimal 
measurement protocol (positive-ion mode & sinapinic acid matrix), a simple model of 
biomarkers based on ribosomal proteins and N-terminal methionine loss, incorporated into a 
multiple hypothesis test framework, could be used to readily identify pure samples with 100% 
accuracy from a small database of microorganisms (18 fully sequenced microorganisms and 38 
microorganisms total). No false identifications were found. Moreover, a statistical analysis of the 
results revealed that a high level of performance could be expected even from databases having 
as many as 1,000 microorganisms, with no additional &lse identifications. 

Demirev et al. (8) showed that the method was surprisingly robust with respect to sample 
preparation. In particular, we found that it performed nearly as well, (92-95% correct 
identification rate) when we induced mass spectral variability by using suboptimal experimental 
protocols. The two false identifications that occurred with suboptimal protocols, were associated 
with incompletely sequenced microorganisms. Restricted the database to fiiUy sequenced 
genomes would eliminated incorrect identifications. Finally, Dr. Pineda has recently developed a 
new on-line database to support microorganism identification by intact-cell MALDI-TOF and 
ribosomal protem identification (see (30), and Table 1) 

To summarize, bv exploiting minimal knowledge of molecular microbiology, we created a 

surprisingly robust and accurate system for identifying intact cells from mass spectra of intact 
proteins. The performance of this approach was comparable to identification by mass spectral 
fingerprint methods. 

3.4.2 Preliminary results for the detection of ribosomal biomarkers by MALDI TOP MS 

Here we summarize the ribosomal protein identification method developed by Dr. Pineda's team. 
In previous studies, ribosomal proteins were used as biomarker to identify microorganisms by 
MALDI TOP MS. The method depends on the observation that ribosomal proteins are highly 
abundant, fly well in mass spectrometers, and are sufficiently distinct in molecular mass and 
peptide sequence (Table 2). In E. coli, for example approximately 21% of the cell's protein 
content resides in just fiffy-six ribosomal proteins (see Figure 5). Not surprismgly, these proteins 
are commonly observed in mass spectra of "intact cells" (intact cells are lysed upon addition of 
matrix). Demirev er al. determined that accounting for potential A'^terminal methinine loss, could 
improve statistical significance (p-values) by an order of magnitude (7). Therefore, to correctiy 
calculate the mass of ribosomal proteins from their seiquences, it is necessary to model N- 
terminal methionine loss. This is done by in sUico cleaving tiie ^-terminal methionine in each 
protein according to probabilities detailed by Hirel (16). 

The database used in the study was constructed from the combined SWISSPROT and TrEMBL 
databases (SWISSPROT Release 39.7 of 02-Oct-2000 and TrEMBL Release 14.17 of 01-Oct- 
2000). Protein fragments were excluded from consideration, as were sequences that contain 



ambiguous residues (Le., "amino acids" B, X, or Z). The mass of each ribosomal protein was 
calculated from its appropriately post-translatioQally modified sequence. 

The ribosomal method was validated with a blind study. The database used in the blind study had 
38 candidate microorganisms, but only 18 of these had 20 or more ribosomal proteins m the 
requisite mass range and were tfius considered identifiable (Currently Dr. Pineda's database has 
. over 70 identifiable microorganisms). 

To identify an unknown microorganism from its mass spectrum, a list of experimentally derived 
masses was compared to the ribosomal biomaiker mass lists of die microorganisms m the 
database. The significance of identifications was scored with /^-values based on a model of how 
felse matches between mass spectral peaks and biomaikers are distributed (32). P-values 
represent the likelihood of accidentally getting the observed number of matches between mass 
spectral peaks and proteins in a proteome. The identification algorithm selects the 
microorganism with the smallest p-value, provided the smallest p-value is less than a Bonferroni 
corrected (17) threshold Rvalue of the form (I-^/N^ which accounts for the niimber of 
microorganisms m the database (iV), and the desired confidence level (/). The algorithm makes 
no identification if no microorganism in die database has any p-yahies below this threshold. 

The blind study sought to identify 5 microorganisms (£. subtilis. E. coli, P. aeruginosa, H. 
inflttenxae m&B. stearothermophilits). These microorganisms had 20 or more ribosomal 
biomarkers in the designated mass range (4 to 13 kDa). To test the identification performance as 
a function of the number of biomarkers, two microorganisms {S. typhimurium and K luteus) 
with less than 10 biomarkers each were included. One negative control also was included {A. 
cloacoa, a microorganism with no biomarkers in the database). To grow the microorganisms we 
used standard protocols appropriate for each microorganism were used (31). Although optimal 
conditions for identification from intact cells have already been established (e.^., positive-ion 
mode & sinapinic acid) (36^(10), experimental mass spectra were generated under four different 
conditions to simulate mass spectral variability. In particular, two different acidic matrices 
(sinapinic acid and a-cyano-4-hydroxycinnamic acid) and two different ionization modes were 
used. Mass spectral analysis was performed with a Kiatos Kompact MALDI Discovery 
instrument equipped witii a 337-mn N: laser. Mass spectral peak masses and amplitudes were 
computed using the bundled Kompact software from Kratos Analytical Ltd. Internal mass 
calibration was performed using the singly and doubly charged ions of equine cytochrome c. The 
singly and doubly charged calibrant ions were eliminated from the peak lists. Figure 6 shows 
typical mass spectra for B. stearothermophiltts with four different sample preparations. Peaks 
that match B. stearothermophilits ribosomal proteins are indicated with trian^es. 

Classification results firom the blind study are summarized in Table 3. Under optimized 
conditions, perfect classification was obtained (sinipinic acid and positive-ion mode). 

In the robustaess tests, positive ion mode yielded the best results with a 98% detection rate vs 
92% for negative ion mode, at the 95% confidence leveL The buDc of the p-values used for 
correct identifications range between 10"* and I0"'^ These are well separated fiom the values 
associated with incorrect identifications (see Figure 7, below). The best separation is obtained 
with sinapinic acid in positive-ion mode. Separation of die /^values was sufBcientiy good with 
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the optimal protocol such that perfect identification could have been achieve even on a database 
with 1,000 microorganisms (30). 

3.4^.1 Strain identification 

The ability to distinguish strains in pure samples, with the intact-cell/intact-protein approach (7), 
was demonstrated with an early version of the database, using H. pylori as a model species. In 
particular, it was demonstrated that strain 26695 (obtained from ATCC) could be distinguished 
fixjm strain J99. A subsequent reanalysis with a more recent version of the database improved the 
ability to distinguish the two strains by two orders of magnitude (as indicate by the ;?-value). The 
improvement was due to the reduction in felse matches that occurred when the database was 
restricted to ribosomal protein biomaikers. 

3.4.3 Rapid identification of microorganisms based on proteolytic digestion 

Recently, a team at the University of Maryland demonstrated a novel approach for the rapid 
identification of viruses (48) (or other organisms having a limited number of potential 
biomarkers, e.g:, spores). Experimentally, a sample of intact virus was digested for a short time 
(< 5 minutes) with a selective protease, e.^., trypsin. The digestion products were subsequently 
analyzed by MALDI-TOF mass spectrometry, without firactionation or purification. The 
bioinformatics strategy generalizes the usual approach of identifying a protein firom its signature 
of pjToteolytic fiagments. In this case, the signature of proteolytic firagments is formed fi^Dm a 
mixture of proteins that characterize the microorganism. Proof-of-concept results were obtained 
by identifying the Sindbis virui fi-om a database containing approximately 5,000 fragments firom 
sbc viral proteomes. We believe that this same approach can be extended to more complex 
microorganisms provided the ribosomal protein content of the sample is enriched so as to reduce 
the density of mass spectral peaks and the corresponding likelihood of false matches. 

Given the sum of the data presented in section 3, it is evident that ribosomal biomarkers hold 
great potential for the identification of microorganisms. Whereas identification of bacteria by 
mass spectral fingerprints is highly dqjendent on the culture conditions used to grow the cells, 
ribosomes make for a better target as they are present in all viable cells at significant 
concentrations. 

Thus, based on our preliminary data we propose five hypotheses to be tested by focusing on the 
six specific aims listed below. 



5 Research Plan 



5.1 • ' " • Design, assemblage and deployment oflSBA prototypes in microcosms 

and in the field 

The ISBA prototypes will be based on commercially available 96-position (8x12) deep-well 
microtiter plates (Wheaton Scientific Products, www.wheatonsci.com/html/Microtiter.html), 
Each well or "microenvironment" of the sampler will consist of a borosilicate glass vial (1.5 mL; 
9x44 mm). Deployed vials either will be empty (for passive collection of bacteria on the glass 
surfece), or they will be filled partially with a matrix {e.g.. Noble agar, 0.5-2%) or an alternative 
material {e.g., microscopic beads) offering a large sxirface area and facilitating the slow release 
of test compounds in various combinations and at differing concentrations. Some vials will 
contain the matrix only to determine its influence on the formation and comppsition of biofilms. 
For simplicity, initial experiments will be conducted with individual glass-coriical-bottom vials 
rather than with the whole microtiter plate. This will allow us to deploy the sampler in small- 
diameter boreholes and it also will prevent/minimize cross-contamination between the different 
"microenvironments" created by the sampler in situ (The potential cross-contamination issue will 
be addressed separately as discussed laterV All prototypes will be deployed in sets of replicates 
that are spatially separated. This will be done by tying sets of identical test vials to a string and 
by lowering this apparatus into the monitoring well, with each set being separated firom the next 
by a mmimum of six mches in depth; following deployment, the vials will be retrieved by using 
the string. This deployment strategy for solid-phase samplers has previously been used by our 
collaborators (13). A list of initial test compounds to be screened with ISBA prototypes is given 
in Table 4; the list may be expanded based on the particular experiments planned at the field sites 
during our study. All compounds and mixtures will be tested in a concentration range spanning 
about five orders of magnitude {e.g., 1, 10, 100, 1000, 10,000 ppm (w/v); see Table 4 for details). 
All experiments wll be carried out in at least three replicates. For individual assays, additional 
vials may be used and pooled for analysis to increase both the yield of DNA/protein and the 
sensitivity of the assay. The optimal length of in situ mcubation time will be detennined 
experimentally. 



c ■' ■ ■ Foroflf-campus 

experiments, glass vials and ISBA arrays wiu oe prcparcu and shipped overnight on "blue ice" to 
our collaborators for deployment in microcosms and in the field. For regulatory reasons; uranium 
may not be a viable test compoxmd in field situations. In these instances, the radionuclide will be 
replaced with iron, whose presence also should foster the enrichment of potential uranium 
reducers {e.g., (25)). In samplers containing pairs of electron donor and acceptor compoimds, we 
will take into consideration the stoichiometry of the respective biochemical reaction. Research 
groups that agreed to test the sampling device include the Krumholz/Istok team at the FRC, the 
White/Long team at UMTRA sites and the Madrid/Taffet team at LLNL Site 300, CA. 
Additional ISBA prototypes will be deployed in microcosms studies to be conducted with APG 
sediment by the Bouwer/TBall research team as mentioned earlier. The location of deployment is 
not really critical when evaluating the ISBA analysis technique. Therefore, we will select and 
prioritize deployment locations with input from Dave Watson and other DOE staff members; 



however, we expect to benefit from our prior previously collected information on the microbial 
community composition at the various field sites. Potential field sites and literature reporting on 
their corresponding microbial communities are as follows: FRC (13), IMTRA sites (5), LLNL 
Site 300 (12, 26) and APG (47). By integrating the ISBA sampler into on-going field and 
laboratory experiments at these selected DOE facilities, we will be able to compare our results to 
those obtained by other sampling techniques (see section 52 for details). 

5.2 Task 2. ^ : Analysis of samples obtained by various sampling techniques from 

identical locations in order to determine the value oflSBAs for microbial community 
analysis 

Crude DNA wUI be extracted from the three different sampling scenarios, the "bug trap," 
groundwater filtrate and the sample array. The DNA extractions will be variations on the 
alkaline lysis method described by Schauer (38) depending on the individual, sittiation. The 16S 
rDNA will be amplified from the crude DNA according to Teske (42) and the resultant amplified 
DNA compared using denaturant gradient gel electrophoresis (DGGE) (37). These same 
methods will also be implemented to analyze die microbial colonization of the (control) vials 
containing the available growth surfaces of glass, Noble agar (Difco, MD) and Noble agar plus a 
carbon source. 

This technique has been widely used to detennine the genetic diversity of natural microbial 
communities (37), in this case we are using it to analyze the influence of our sampling methods 
on the obtained picture of the natural community. Some bands will be extracted from the DGGE 
analysis for sequencing in order to validate the process (see section 5.4). 

In order to minimize experimental bias introduced by the biomarker extraction protocol, we will 
coordinate the sample processing with our collaborators. For the work with Dr. White's group, 
we are planning to integrate "Janet" (Y.-J.) Chang (5) into our studies to perfonn biomarker 
extractions as a team and analyze extract splits ('x7"C DNA), respectively, by conventional 
DGGE (5) in Dr. White's laboratory and by a combination of density centriftigation/DGGE 
analysis for separation of labeled DNA in Dr. Halden's laboratory as described below (see Dr. 
White's letter of collaboration for details). 

52.1 DNA extraction 

Two ml of lysis buffer (20 mM EDTA, 400 mM NaCl, 0.75 sucrose and 50 mM Tris HCl pH 
9.0) will be used to suspend the bacteria, this suspension will then be incubated at 37°C for 45 
min. Proteinase K 0.2 g/ml plvis SDS 1% will be added and suspension incubated at 55°C for 60 
min- The lysate will be recovered and extracted twice with equal volumes of pheaol-chlotofonn- 
iso amyl alcohol (25:24:1, pH 8). Excess phenol will be removed by the addition of an equal 
volume of chloroform. The aqueous phase will be removed carefully and using isopropanol and 
sodium acetate the DNA will be precipitated, washed with 70% ethanol and resuspended in 300 
\il of sterile distilled water. 

5.2.2 PCR conditions 

The primer combination GM5f-GC (forward) and 907r (reverse) amplifies a 550 bp fiagment of 
the 16S rRNA. The nucleotide sequence of the forward primer, which is specific for eubacteria 
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(5'-CCTACGGGAGGCAGCAG-3') contains at its 5* end a 40 base GC clamp (5*- 
CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG-3') to stabilize the melting 
behavior of the DNA fragments. The reverse primer used targets the universal consensxis 
. sequence (5'-CCCGTCAATTCCnTGAGTTT-3'). A '*touchdown'' PGR (9) will be used, in 
which the annealing temperature is set at 65°C and decreases by 0.5°C every cycle until a 
touchdown of 55°C, at which temperature a further 10 cycles are carried out PGR amplification 
will be performed in a total volume of 50 pi in a 0.2 ml microfiige tube. Each tube will contam 
1.5 mM MgCl2, 50 mM KCl, 10 mM Tris HCI (pH 9.0), 2% bovine serum albumin (BSA), 100 
pmol each dNTP, 50 pmol of each primer and 1 unit of Redtaq genomic DNA polymerase 
(Sigma, MI). Template DNA at a concentration of 1 ng will be added to the reaction mix. The 
PGR machine to be used is a PTC-2000 DNA Engine Peltier Thermal Gycling System, MJ 
Research, MA. PGR products will be identified on 1% agarose gels stained with ethidium 
bromide and visualized using a UV trans illuminator and a gel documentatioji system (Alpha 
Imager 2000 V5.5, Alpha Innotech Gorporation,VA). Amplified DNA of the correct size will be 
reconditioned according to Thompson (43), that is, a low cycle number reaxnplificatioti of a ten- 
fold diluted template PGR product will be performed to reduce the potential for formation of 
heteroduplexes. 

5.2.3 DGGE 

Fifty \il of reconditioned PGR product will be loaded onto the gel to analyze the mixture of PGR 
fragments obtained by amplifications of the DNA extracted from the sampling wells. The DGGE 
analysis will be performed as described by Schafer and Muyzer, (37), with 6% (wt/yol) 
acrylamide gels Qn 0.5 TAE: 20 mM Tris acetate [pH 7.8], 10 mM sodium acetate, OiS mM 
disodium EDTA) containing a linear chemical gradient ranging from 35% to 60 % denaturanL 
Gels will be poured torn 6 % (wt/vol) acrylamide stock solutions (acrylamide-N,N-methylene- 
bisacrylamide, 37:1) containing 0 and 100 % denaturant (7 M urea and 40 % [vol/vol] 
formamide, deionized with AG501-X8 mixed-bed resin [Bio-Rad Laboratories, Inc.]). The gels 
will be run for 18 hrs at,$Qp^^ and 100 V. Bands will be visualized by staining. The optimal 
method for staining DGGE gels is ethidium bromide staining, the gel is stained hi 100 ml of 1 x 
TAE buffer containing 50 (xg/ml ethidium bromide. This is gendy agitated for 15 min, the 
solution discarded and replaced with distilled water and left for 1 0 min. The gels will be 
visualized with a UV transilluminator and the gel documentation system (Alpha Imager 2000 
V5.5, Alpha Innotech Coiporation, VA). 

5.3 Task 3. Analysis of chemically-amended ISBAs to determine whether the in situ 
screening of electron acceptors and donors adds discriminatory/predictive power to 
microbial commtmity profiling 

The microbial community DNA will be removed firom the individual vials or microtiter plates as 
described in 5.2. The samples will be analyzed and their unique '^geiprints" resolved using 
PGR and DGGE as set out in section 5.4. Those partial 16s rDNA sequences separated using 
DGGE will be excised &om the gel, sequenced and analyzed according to the methods in section 

5.4 to distinguish phylogenetic relationships. The phylogenetic relationships will be interpreted 
graphically using the ARB software to create dendrograms as laid out in 5.4; e.^.. Figure 1). 

we will : I quantify the extent of uranium 

reduction that occurred in ISBA samplers dlat were amended with the radionuclide prior to 



mcubation in microcosms. Measurement of U(VI) and U(IV) will be performed as described 
elsewhere using selected extractions techniques and kinetic phosphorescence analysis (47). 

5.4 Task 4. ( ): Molecular genetic analysis of high-density and low-density fractions of 
crude DNA extracts to determine the usefulness of isotope-labeling in ISBA monitoring 

Stable isotope-labeled and non-labeled crude DNA will be extracted from the environment in the 
same way as described m section 52. The "C-labeled "heavier^ DNA wUl be resolved fix)m the 
non-labeled "lighter" DNA using density gradient centrifugation as described by Radajewski 
(33) using cesium chloride ethidium bromide density gradients. The crude DNA extracted will 
be analyzed, once again, by amplifying the 16S ribosomal genes and separating them according 
to DNA sequence using DGGE (see 5^2). This method will give us the microbial commimity 
fingerprint for those organisms metabolizing the isotope-labeled substrate. The DNA can then 
be excised from the gels using sterile pipette tips for sequential phylogenetic analysis. Fractions 
of acrylamide gel containing the DNA will be incubated in 100 \d of sterile dH20 at 4 C 
overnight A aliquot of this solution is used for PGR amplification. PGR products are re- 
run imder the same conditions to confirm the purity of the DNA and the PGR product purified 
with the QIAquick-spin DNA purification system (Qiagen) as per manufacturers instructions. 
The cleaned PGR product will be subjected to cycle sequencing. 

5.4. 1 Gomparative sequence analysis. 

All obtained sequences (>500 bp) will be analyzed using BLAST (I) and added together with 
most important BLAST hits, to an alignment of about 5,300 homologous bacterial 16S rRNA 
primary structures (27) by using the aligning tool of the ARB software package 
(httpy/mikro.biologie.tu-muenchen.de). Sequences will be checked for chimera formation with 
the GHEGK_GHIMERA software of the Ribosomal Database Project (27). Potential chimera 
will be eliminated before the phylogenetic trees are constructed. 



5. 5 Task 5. Adaptation of mass spectrometry for the analysis of mixed cultures 

Ribosomal biomaricers ranging from 4 to 20 kDa can be detected direcdy from intact cells of 
microbial cultures (31) or from crude whole cell extracts. The protein profile from crude whole 
cell extracts of mixed cultures is expected to highly complex and few biomarkers fix)m individual 
species will be detected. Therefore, the detection of microbes in complex mixed cultures presents 
a significant challenge that we UJ i U > address in a phased approach. In previous studies 
mvolving complex protein mixtures, we have encountered problems arising fr^m signal 
suppression when using MALDI TOP MS-based techniques. We have already partially mitigated 
this problem by targeting a judiciously selected set of ribosomal protein biomarkers. This 
approach allows us to detect characteristic signals m the microbial cytosol, which — owing to the 
presence of thousands of proteins — represents a complex mixture in its own right Nevertheless, 
we seek to unprove the signal-to-noise ratio further in order to reliably detect targets in even 
more complex mixtures {e.g., biofihn lysate). We will accomplish this goal by enhancing the 
purification of ribosomal proteins and by fractionating complex samples. In order to obtain a 
benchmaric illustrating the best possible result we will biochemicallv extract ribosomal targets 
from pure cultures and use these extracts as performance standards for judging flie success of 
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developing less stringent but more practical cleanup techniques that lend themselves to 
automation. 

The general strategy for Task S is as follows: 

(a) For method development and evaluation purposes, we will select up to five pure cultures of 
relevance to bioremediation, with the prerequisite being that the genome of these bacteria 
has been sequenced at least partially and that the corresponding data indicate a sufGciently 
large number of imique ribosomal proteins in each selected strain (10 or more unique 
biomarkers; (3 1)). Candidate organisms include Deinococcus radiodurans (24 characteristic 
biomaricers; see Table 2; (4, 19)) and metal-reducing bacteria {e.g., Geobacter spp.; (11, 

1 8)) that have been or cxirrently are being sequenced for Dr. Lovley 's group. 

(b) We will purify the ribosomes of the selected pure cultures and use the extracts as analytical 
benchmarics for developing a more practical sample preparation procedure. 

(c) We will experiment with defined mixed cultures (2-5 members) to determine our ability to 
detect mdividual targets present in these mixtures at known densities. This work also will 
require the modification of Dr. Pineda's database software for the identification of 
microorganisms. 

(d) We will develop a sample preparation technique for microbial mixed cultures that is as 
simple as possible while still allowing to determine targets in complex mixtures. 

(e) Next, we will fortify environmental mixed cultures obtained with the ISBA sampler with 
known quantities of target organisms and analyze theses samples to explore the sensitivity 
and robusmess of our techniques for sample cleanup, MALDI TOF MS, and statistical 
analysis. 

(f) After having optimized and validated oiir novel microorganism-identification database 
software, we will analyze field samples firom various sites and compare the results to those 
obtained with molecular-genetic analysis techniques. 

(g) Finally, we will conduct a small-scale demonstration of fiilly automated ISBA analysis (20- 
35 of the 96 wells) using our developed protocols. These demonstration will include the 
analysis of some wells containing define mixed cultures. 

5.5. 1 Extraction and purification of ribosomes firom pure cultures to obtain a performance 
benchmark 

We will enrich for ribosomal protein biomarkers bom relatively uninformative proteins in 
complex samples by extracting ribosomes from cell lysates using standard techniques (40), This 
strategy was successfully applied earlier for the preparation of mass spectrometry samples (3). 
Accordingly, microorganisms are harvested by centrifiigation, grinded with alumina, extracted to 
capture soluble components, and washed with a sucrose/salt solution through a sucrose cushion 



by ultracentrifiigation. Given the high abundance of ribosomal proteins in microbial cells (up to 
21% of the cell's protein content; (2)) this step may not be necessary in a practical assay. 
Nevertheless, we mclude this work with highly purified targets to determine a benchmaric or 
optimal performance level. Highly purified extracts firom selected pure cultures (Deinococcus 
radiodurans [ATCC] and Geobacter spp. [Dr. Lovley's group]) will be stored at -80 C and 
aliquots taken as needed to serve as standards. Using pure cultures and extracts, we will 
determine the optimal parameters for sample-to-matrix ratio and sample amount on the target to 
maximize signal strength and reproducibility. 

5.5.2 Automated separation of complex protein mixtures from mixed cultures by ion exchange 
chromatography 

The objective of this sub-task is to develop a practical sample preparation technique for 
automated high-throughput analysis. We will increase the number of proteins detected from 
crude whole cell extracts by fractionating samples via ion-exchange chromatography and, thus, 
reduce the number of ion species per fraction competing for charge. Our previous work indicates 
i fliat MALDI TOP MS produces onlv about 20 discemable peaks per analysis independent of 
whether the sample contains hundreds or thousands of individiial proteins! By fractionating the 
sample, a larger number of ribosomal biomaikers will be detected and, therefore, increased . 
confidence in characterizing the microbial population will be achieved. 

Proteins will be extracted from mixed populations of microbes with 35% acetonitrile/1% 
trifluoroacetic acid (TEA) and bound to a strong cation exchanger macrospin colunm (SMM- 
SCX, The Nest Group, Inc.). Proteins will be eluted from the macrospin column in at least four 
ammonium chloride salt steps ranging from 10 mM to 1 M ammonium acetate or ammonium 
chloride. Fractions will be dried, resuspended in 150 mM sinapinic acid (SA) containing 35% 
acetonitrile/1% TFA and analyzed by MALDI-TOF MS (Voyager DE-STR, Applied 
Biosystems, Inc) if necessary, in bodi negative and positive ion mode to enhance the 
discriminatory power of the assay. The number and concentrations of salt steps will be optimized 
to recover the largest number of known ribosomal biomarkers from one species spiked into a 
mbced microbial population. When necessary, salt fractions will be desalted using C4 Ziptips 
(Millipore Corp., Milford). 

Reverse-phase chromatography represents an alternative to ion exchange chromatography and 
will be tested using C8 Macrospin columns (SMM-SS08V, The Nest Group, Inc.). Protein 
extracts will be diluted with 1% TFA and bound to the C8 spin column. After washing with 
1%TFA, protein will be eluted from the column in at least four steps ranging from 5 to 50% 
acetonitrile, dried, resuspended in matrix and analyzed by MALDI-TOF MS. If neither of these 
methods sufficiently reduces the sample complexity, tiien both affini^ procedures will be 
performed in series. All of these steps can be automated readily by standard column switchmg 
procedures using our Ultimate (LC Packings/Dionex) or Surveyor (Thermofiningan) HPLC 
systems interfeced with the Probot Micro Fraction Collector (LC Packings/Dionex). The Probot 
also can spot firactions directly onto a MALDI target plate and apply the matrix. 





5.5.3 Strategy for statistical analysis of mass spectral patterns 



The pattern recognition algorithm used in the existing database is essentially a single-sided 
multiple hypothesis test that seeks to test the null hypotheses that each of the microorganism in 
the database did not generate the experimental mass spectrum. This approach, which tests 
mutually exclusive events, is not suitable for a setting where multiple microorganisms in the 
database are likely to be represented m the data. Accordingly, it will be necessary to use a test 
allowing for the detection of multiple microorganisms in a given sample. This necessitates the 
construction of a model that accounts for clutter peaks (te., peaks not due to the microorganism 
being tested). Statistically, this means the test must be generalized from a single-sided test to a 
two-sided test One such generalization, based on a likelihood ratio test has been applied to 
detect microorganisms in binary mixtures by a group at PNNL (46). Another approach, based on 
Bayesian methods is under development by Dr. Pineda's group, and has been used previously to 
detect phospholipids in MALDI mass spectra (15). 

I should be noted here that-ftie use carbon-l3 labeled substrates will lead to randomly labeled 
ribosomal proteins, thereby rendering conventional deconvolution and bioinformatics databases 
useless; this problem will be circumvented by using only non-labeled samplers for mass 
spectrometric analysis. . 

5.5.3.1 Method validation 

As mentioned earlier, we will validate our methods with a series of (blind) studies based on: (a) 
artificial mixtures, (b) complex environmental mixtures spiked with known microorganisms, and 
(c) environmental mixed cultures (biofihn samples) analyzed by both MALDI TOF MS and 
molecular-genetic protocols. Similarly, we will include samples composed of defined mixed 
ciJtures into the demonstration of fiilly automated ISBA analysis by MALDI TOF MS. 

5.53.2 Protein confirmation by tandem mass spectrometry 

When using MALDI-TOF MS, microorganism-specific ribosomal biomaricers are identified only 
based on their intact protein mass (3 1). The more proteins an undefined sample contains, the 
more likely it is that the mixture contains proteins having identical molecular mass but different 
biochemical functions than the targeted ribosomal biomaricers. To validate the presence of 
specific ribosomal proteins observed in the MALDI-TOF spectra, proteins from column firactions 
will be digested with trypsin and the resulting peptides will be identified by collision-induced 
dissociation (CID) using tandem mass spectrometry on our ProteomeX (2D-chromatography 
system interfaced to an ion trap mass spectrometer) or QSTAR Pulsar instruments (electrospray 
ionization/quadrupole/time-of-flight (Q-TOF) tandem mass spectrometer). 

Tandem mass spectrometry will also be used to identify new ribosomal biom aricers — observed in 
MALDI-TOF spectra — that have not been assigned previously to a microbial species. 
Electrospray ionization tandem mass spectrometry fESI/MS/MS') allows for tru e protein 
sequencing and produces data of greater intrinsic value than those obtained bv MALDI TOF MS 
£22}. For the protein fraction containing flie molecular mass range of interest (4-13 kDa), we can 





calculate from (22) that trypsin digestion should yield between 2 and 8 characteristic peptides per 
protein. 

5.6 Task 6. Adaptation of microorganism-identification algorithms contained in the existing 
microorganism-identification database software to allow for the analysis of mixed 
cultures. 

Wtl., co^ \ V incorporate the protocols and algorithms developed in this study into an existing 
prototype microorganism identification database (3 1). The database contains approximately 200 
microorganisms, out of which a^jproximately 70 contain 20 or more ribosomal biomaikers. The 
database is periodically updated from the latest release of the Swiss-Prot/TrEMBL database. The 
database is stored in a relational database management system (MySQL) with a CGI web 
mterface. Perl scripts are used as middleware to integrate MySQL with the CGI web mterface. 
The database is currently being ported to a web server and should be accessijjie to the public (at 
http-y/www.pinedalab.jhsph.edu) by the time this proposal is under review, this intended 
database will become a new resource for the bioremediation community. 



6 Strengths and Limitations 

An important strengths of this study is that the various technologies that are combined in the 
ISBA sampling/analysis strategy are akeady mature or at least partially developed: (a) solid- 
phase samplers have been successMy applied for microbial sampling (13); (6) high-throughput 
screening is routinely performed in the biotechnology sector by using miniaturized microtiter 
plates/assays in various formats (96, 384 or 1536 well plates), (c) robodcs for the analysis of 
microtiter plates are standard laboratory equipment; (d) slow-release compounds are routinely 
used in the laboratory and in die field (29, 41), (e) stable isotope labeling is a rapidly developing 
technology (34, 35); (/) MALDI TOF MS has been successfully used for the detection of 
bacteria, viruses and sporwl^see (10) and references therein); and (g) microbial genome 
sequencing efforts and the development of bioinformatics tools for data mining are rapidly 
increasing (6). All of the above factors suggest that the proposed project is feasible and likely to 
advance the biological monitoring capabilities at DOE legacy sites. The project is strengthened 
further by our access to the latest instrumentation in mass spectrometry. For example, the 
Applied Biosystems Voyager DE-SUl MALDI-TOF-MS has a 20-times greater mass accuracy, 
a 6-10 times higher resolution and greater sensitivity than the Kratos Kompact instrument used to 
generate some of the preliminary data we presented. Furthermore, the great variety of 
instrumentation avaflable to us for sample preparation/analysis and the experience of our 
research group increase the likelihood of success wiA this project. 
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In this project, we will create a tool that can link specific reactions occurring situ to the 
responsible microorganisms. This will be achieved by combining several techniques, including 
'^C-labeling, selective enrichment under various environmental conditions, in situ screening of 
multiple pairs of electron donor/acceptor compounds, and the potential for computational^ 
analysis of the numerous individual community profiles using subtractive profiliiig techniques; 
the process is illxistrated m Figure 8. 

The development of mass spectrometric techniques for the identification of microorganisms in 
mixed cultures is another important outcome. 'V 



Another important and tangible product of the ; ' work is the generation of 

microorganism-identification database software and search algorithms for interpreting MALDI 
TOF mass spectra of ribosoinal biomaricers and microorganisms. These tools will be updated 
fi-equently and will be available to other researchers over the world wide web. 



8 Signtficance 

Substantial cost savings may be realized if the mature technology is successfiilly transferred to 
the field. Potential areas of application include: (a) initial site assessment, (b) bioremediation 
design studies, (c) monitoring of accelerated in situ bioremediation, and (d) post-treatment and 
routine monitoring. Savings will result bom the automated large-volume high-throughput 
analysis, and firom the elimination of numerous field sampling activities, microcosm experiments 
and customized microbial analyses. Thus, the developed bioremediation assessment tool will 
support the environmental restoration and long-term stewardship of. ' sites containing 
radionuclides and other contaminants. 
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Listeria innocua 
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Listeria monocytogenes 
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M. thermoautotrophicum 




Methanococcus jannaschii 
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Methanococcus vannielii 


24 


Methanopyius kandleri 
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Mycobacterium leprae 


52 


Mycobacterium tuberculosis 


57 


Mycoplasma capricolum 


22 



Species Bioraarkers 

Mycoplasma gallisepticum 23 

Mycoplasma genitalium 52 

Mycoplasma pneumoniae 52 

Mycoplasma pulmonis 23 

Neisseria meningitidis 31 

Pasteurella multocida 29 

Pseudomonas aeruginosa 28 

Pyrobaculum aerophilum 26 

I^rrococcus abyssi 57 

Pyrococcus fiiriosus 27 

Pyrococcus horikoshii 58 

Ralstonia solanacearum 23 

Rhizobium loti 23 

Rhizobium melilod \ 26 

Rickettsia conorii ' 27 

Rickettsia prowazekii 54 

Salmonella typhi 34 

Salmonella typhimurium 37 

Staphylococcus aureus 36 

Streptococcus pneumoniae 32 

Streptococcus pyogenes 45 

Streptomyces coelicolor 46 

Sulfolobus acidocaldarius 29 

Sulfolobus solfataricus 53 

Sulfolobus tokodaii 28 

Synechococcus sp . 28 

Synechocystis sp . 53 , 

Thermoanaerobacter tengcongensis 20 

Thermoplasma acidophilum 30 

Thermoplasma volcanium 27 

Thermotoga maritima 52 
Thennus thermophilus 37 

Treponema pallidum .49 
Ureaplasma parvum 25 
Vibrio cholerae 28 
Xylella fasddiosa 24 
Yersinia pesds 27 



Table 1. 

Currendy, the database contains 250+ 
microorganisms. A selecdon of these having 
20 or more biomaricers are listed here. 



Table 2. Example of proteins listed by bacterium m the database (Source: Pineda). 



Deinococcus radhdurans (vegetative) 

embl ID mass post-translational 

modificatioa 



RL 36 DEIRA 


4309^ 




RL34 DEIRA 


5608.5 






6228 76 






UUUU* /*♦ 








jyici*ios5 


PT ?0 nPTB A 


77S0 OS 




KJLJ I L/CltV-rV 






Tjroo ricn? A 
t\JLiZo UclKA 


og-ji lA 


Mei-ioss 


PT 97 rMJTP A 


V4DO.OO 


MCI- loss 








P^70 DFTRA 


0571 4Q 




RS14 DEIRA 


10076.6 


Met-loss 


RSI 8 DEIRA 


10492 J 


Met-loss 


RS19 DEIRA 


10691.4 


Met-loss 


RS6 DEIRA 


116722 
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RL7 DEIRA 
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Met-loss 


RS12 DEIRA 


14222.7 


Met-loss 


RS9 DEIRA 


14601.9 


Met-loss 
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16065.5 
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Met-loss 


RS7 DEIRA 


17810.5 


Met-loss 


RL19 DEIRA 
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Met-loss by automatic lule. 



description 

•50S ribosomal protein L36' 
'50S ribosomal protein L34' 
'50S ribosomal protein L33' 
'50S ribosomal protein L32' 
'50S ribosomal protein L35' 
'50S ribosomal protein L29' 
'50S ribosomal protein L3 1' 
'50S ribosomal proteip L28' 
'50S ribosomal proteid L2T 
■303 ribosomal protein 516* 
^OS ribosomal protein S20' 
"SOS ribosomal protein SI 4' 
•3 OS ribosomal protein SI 8* 
•308 ribosomal protein S 1 9' 
"308 ribosomal protein S6' 
•308 ribosomal protein SIC 
'50S ribosomal protein L7/L12' 
'50S ribosomal protein L20' 
•30S ribosomal protem S12' 
30S ribosomal protein S9' 
'50S ribosomal protein L9' 
'50S ribosomal protein LlC 
"303 ribosomal protein ST 
'50S ribosomal protein L19' 
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Hard Targets 


annotated 
ribo- 
proteins 


replicates 
per 
trial 


Positive ion mode 


Negative ion mode 
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SA 


Trial 1 


Trial 2 


Trail 3 


Trial 4 
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31 
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100% 


100% 


1 00% 


Escherichia coli 
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100% 


100% 
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26 
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100% 


100% 


100% 


60% 


Haemophilus influenzae 


25 


5 


100% 


100% 


80% 


100% 


Bacillus staamthenmophilus 


20 


5 


80% 


100% 


80% 


100% 



Table 3. Influence of MALDI analysis conditions on the accuracy of target mitroorganism 
identification (Pineda et al. 2003). \ 



Compound 


Phenomenon studied 


None 


Biofilm formation on the ^ass surface 


None (plus agar) 


Effect of basic matrix (e.g.. Noble agar) on community composition 


Acetate 


Effect of carbon source on community composition 


"CrAcetate 


Usefulness of isotope-labeling for identifying metabolically active 
microorganisms (molecular-genetic approach) 


Uranium (VI)« or FeCCO) 


Effect of U(VD on community compositioh 


Acetate + U(VD* or Fe(III) 


Effect of U(VD plus acetate on community composition 


'■•CT-Acctatc + UrVr)*/Fc(III) 


Pnrichmcnt of uranium- and/or metal-reducing bacteria 



* For regulatory reasons, uranium may have to be replaced with Fe(IlI) in field situations; concentrations 
of metals (solids) will be a|)proximate only. 



Table 4. Matrix of experiments to be conducted with the ISBA samplers (microcosm and field 
stutUes). 



P42-05 
P6MI 
P624I 




Figure 1. Dendrogram showing published 16S rRNA gene sequences with those obtained from 
various monitoring wells within the Building 834 Study Area (taken from Franklin et al. 2003). 

7r 
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Figure 3. Location of 
monitoring wells at the 
Building 834 Operable Unit, 
LLNL, Site 300, CA 




Figure 2. DGGE analysis of 16S rRNA genes 
amplified from DNA extracted from the wells: 
D3, Ul, Al. B3. J2. S9. T2, T2a, and T5 
(Figure 3) using eubacterial primers GC-GM5f 
and 907r. 
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Figure 6. MALDI TOF mass spectra from B. stearothermophilus obtained with four 
different experimental protocols. Peaks that match ribosomal biomaikers are marked with 
triangles. (Y -axis represents relative signal intensity). 




8 12 16 20 24 28 32 36 



Number of significant peaks 



Figure 7. Distribution of thej3-values for the 3800 database-target microorganism 
spectra comparisons. Each point represents the p-value corresponding to a single 
comparison- Points corresponding to correct identifications are further labeled by 
the experimental protocol. Bonferroni-corrected threshold /7-values for the 95% 
confidence level for databases with N=38 and N= 1,000 microorganisms are 
marked with horizontal lines. Figure taken from [19]. 
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Figure 8. 

The above schematic illustrates the utility of the proposed ISBA sampling strategy. Coaventional 
microbial community analysis produces a picture as shown in A; the technique detects the presence of 
bacteria, however, it does not provide information on their metabolic activity. The use of isotope-labeled 
nutrients can reveal which of the detected microorganisms are metabolically active (right half of the 
community shown in A). Use of the proposed ISBA prototype wiU allow for the determination of up to 96 
community profiles determined under various environmental conditions (B). Computational analysis of 
the resulring data using subtractive comm u nity nrofiling mav allow one to identify important poljutant- 
trmsforming microorganisms within the large group of a ctive microorganisms (not all metabohcaUy 
active bacteria are partaking m the bioremediation process). In addition, environmental conditions m the 
device may allow for the selective enrichment of poUutant-degrading bacteria; some of these may be 
detected for the first time (C); under appropriate conditions, poorly represented population may be 
enriched to a level allowing for MALDI TOF MS-based detection/identification. In addition to the 
microbial profiling data, optional chemical analysis of the proposed device can provide data on the rate 
and extent of biotransformation in 96 different scenarios, mcluding the conditions prcvailmg at the site. 
This mformation is critical for designing bioremediation strategics for site cleanup. 
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An important need in bioremediation research is the development of Innovative diagnostic tools that can 
unambiguously link an observed degradative activity to a specific microbial subpopulation present in the 
contaminated environment of interest. 

^enents of the tool 

include the ability to determine in an automated, standardized, high-throughput mode the composition, 
dynamics and functions of complex microbial communities and subpopulations, as well as to conduct in situ 
screening studies on nutrient regimes and bioaugmentation strategies suitable for enhancing bioremediative 
processes; all this potentially being done without altering in any way the chemistry, physics or biology of the 
contaminated environment under study. Although the proposed tool will have broad applicability to 
bioremediation, this / will focus primarily on the biotransfomnation of volatile organic 

compounds (VOCs) and tetraalkoxysilanes as model pollutants. The field site selected for technology testing is 
the Department of Energy (DOE) Lawrence Livermore National Laboratory (LLNL) Site 300, a VOC- and 
tetrabutoxysilane-contaminated Superfund site located in Northern California. 
The specific aims of this proposal are: 

1 . To produce two identical prototypes of the proposed in situ microcosm array (ISMA) sampler and 
demonstrate their mechanical functionality in laboratory experiments. 

2. To evaluate in controlled laboratory conditions whether the ISMA technology can sen/e to actively 
capture, concentrate and selectively enrich target microorganisms relevant to bioremediation. 

3. *ro determine whether analysis of ISMA samplers by stable isotope-probing techniques ( C-DNA 
analysis) allows one to distinguish metabolically active microorganisms— that are directly or indirectly 
partaking in the transfomiation of contaminants— fnam those that are dead, donnant or irrelevant to 
bioremediation. 

4. To evaluate in a i study whether ISMA samplers are amenable to analysis by matnx- 
assisted laser desorption/ionlzation time-of-flight mass spectrometry (MALDI-TOF MS), a rapid analysis 
technique that potentially can infomi about both the identity of microorganisms (genotype) and the 
molecular composition of cells (phenotype). 

5. To evaluate the applicability of ISMA technology to real-worid situations by deploying prototypes of the 
device at the highly contaminated and well-characterized VOC-containing Superfund site. 



Bioremediation. Bioremediation is a promising and rapidly maturing technology potentially allowing for 
the swift, safe and cost-effective restoration of polluted natural environments (39). When considering 
bioremediation as a treatment option, one has to examine whether physical, chemical and/or biological 
constraints exist Once these have been identified, engineering strategies can be implemented to remove or* 
minimize these limitations. Treatment options include physical, chemical and biological interventions, e.g., 
hydraulic fracturing of subsurface strata for enhancing water penneability, addition of nutnents, chemical 
modulators and/or cartjon and energy sources for increasing or limiting specific chemical or biological 
functions, and addition of foreign microorganisms for initiating and/or accelerating pollutant transfomiation. It is 
now becoming recognized that at many field sites, a lack of sufficient microbial diversity and/or metabolic 
potential can.explain why biodegradable pollutants fail to undergo biotransfonnation in situ (11). While new 
findings on the metabolic routes and bottlenecks of degradation are still accumulating (54), it is already clear 
that the capacity of indigenous microbial populations to adapt to the presence of toxic pollutants and to 
biodegrade these compounds may be the most important factor in determining the fate of subsurface 
contaminants (for a review, see (40)). Thus, bioremediaUon of polluted environments requires a proper 
understanding of the types of organisms present, what their potential metabolic capabilities are, and to what 
extent these degradative functions are being expressed in situ. 

Designing and Monitoring Bioremediation. Contaminated sites across the country may resemble one 
another but no two sites can truly be identical due to the infinite number of variables describing their 
characteristics on a micro and macro scale. For this reason, the design of bioremediation strategies requires a 



Site-specific approach that is typically arrived 

tests (53). Since both approaches have " under 

25. 26. 28. 53). Microcosm studies allow °"t,^^^f "^J^" ^^^^ conditions designed to 

simulated site conditions (intrinsic b'oremed.aUon) ar^d unde^ Furthermore, they allow 

speed up the in situ biotransformation process (^^^^^^f^^^^'^;^^^^^^^^^ They also facilitate 

these come at a much greater finan^'^^^P^^^^.^t^ ^lLton rlo^S^^^^^ studies are conducted in an 
experimente (45) are a field ^^^"f^'^^r^S^^^^^r^^'^S^ni groundLtar velocity. Due to the 

and monitoring bioremediation would combine beneMs of b^^^^^^ niechanisms of 

composition, dynamics, functions and requirements at the site. 

leading to the false conclusion that the few ^^"'^^j!,^;® in molecular biology techniques and 

established method for detemiining phylogenetoc f °"^^'Pf^^"^^^^^ the cloning 

cloning of 16S rDNA fragments amplified from directly ^.J^^^^^^^J ""^'^^^^^^ techniques, 
and sequencing strategies can be labor ^"^ 0.3 ^^^^^^^^ p^j 

such as denaturing gradien gel l^^^^^^^^^f^^f^^^^^^^^^^^^^ ^CR^amplified 16S rDNA have allowed 

temiinal restriction fragment length polymorphism (^-RFLP) a^aly^^^^^^ ^^^^^^ 

researchers to look at large numbers of samples ^^^^^^^^^^^^ such as 

l^:i^^^^',^^L.o. on the Po^^"^^^^^^^^^ cells, e.g.. 

associated with enzymaUc amplification of the nucleic acids, °;, J^!* "^OG ^a^^^^ plates allow for 

target aocessibility. The easily-produced sul^trate tmtotio^^^^^^^^ 

rd=nitirc^r^£= 

g ggZ^^^^^^r l^^^a^^^trg^S^ However^ ahe^ 



understanding may be obtained by the combined use of molecular methods, microbiological techniques and 
through characterization of metabolic activities within the given habitat. 

The challenae of linking genetic sequences to metabolic activity in situ. Unfortunately, commonly used 
non culture feSent tSS^^^^^^ as 16S rRNA gene amplification followed by DGGE and sequence 
Tna ysis^^^^^^^^^^ of the microbial ecology Information needed. A criticall.m.tafon o th.s and 

iT^nnrSes is tHo Hiffin ..tv of linkino a Hpt.nt.H .tr^in or soecies to an observed or suspected metabol.c 

.»nrHc thp .rnloaical rpi^ nf . detected mlcrooroanism remains uncertain. For examp jejive 
m i nn-^rVhn. tTh^ ^^^^ ^^^^^ " - P-^^^- minrooroanism in thP ...hsurface b.it are left to speculate how it 

^ror^^tirin th^^^^^^^ but are too cumbersome for application beyond the high-end research laboratory, 
^o^^er chln^^^^^^^^ of 16S rDNA sequences in environmental samples does not necessanly 

C^Dlv anfof me fo llolg: (a) the population of the corresponding microorganism .s present, (b) .t .s physically 
iS (c) iiis 4r (d) it is metabolically active and (e) It is perfomiing the des.red function. Finally, 
oround^^^^^^^^^^^^ sample matrix for profiling of microbial communities (34). as it 's both readily 

SabrSnexp^^^^^^^^^ Unfortunately, the lifestyle of a given target organism has a s.gnifican impact on 
r^tS^Tty to dS^^^ matrix. In the extreme, a target organism pursuing a -^^^I^J^^^^^^'VS 
existence will be impossible to detect in groundwater at a site even if it is a predommant member of the 
" Sbiat^mmunTtSThu^ g^^ alone may not accurately reflect the microbial community 

^mposwrnrd S;^^^^^^^^ environments. Recently, solid-phase samplers were rediscovered as 

useful tools for overcoming some of these limitations (17). 

*Use of solid-phase samplers for microbial sampling. In their simplest configuration solid-phase 
sampled are noSg more than a physical surface incubated in an environment of interest for a Penod of time 
sS en^ly ong to aHow for the colonization by microorganisms. Buried or submerged glass slides have been 
uS^ exSvely to collect microorganisms from soils, bioreactors and other environments, e.g. (31)). Dr_ 
S^te frSe Un^e?sity of Tennessee, reported on the use glass wool as a passive sampling device (17) the 
^ Iri^Tal loS^^^ monitoring wells where it passively collected ["i<=^oorganisms over t.^ 

FolSSv^^^^^^ tool, microorganisms were extracted from the sampling device and identified via the 
dSon ofSarke^ incl^^ DNA. phospholipids, fatty acids and respiratory quinones ( 17). Aji argument 
2n brmade S^^^ collected with a solid-phase sampler are more representative of the 

metaboS ^^1"™ community than those obtained by groundwater --Pf ^ ^^f^^f ^^^^^^^ 
device reouires the active physical attachment by the microorganisms to be captured. However, dead 
mic roomanlsm^^^^^^ DNA also may become entrapped. Highly sensitive tools relying on PGR will 

S^Sc^Womare'rs 0 non-living material as well as those of metabolically active microbial community members. 
Venr rec^tn was introduced that exploits stable-Isotope mariners to distinguish 

meteSy ac?ve from those dormant or deceased. This promising technique (41 ) has no| 

yet been used with solid-phase samplers. 

Stable isotope probing and pmteomic analyses. Stable isotope labeling techniques and proteomic 
analyse? ustg mL^^^^^^^^^ emerging technologies that offer a way '"^ ^^3^ ^ 

and metabolic activity of microorganisms. Stable isotope P^^^ing (S P) exgts t^^^^^^^^^ 
orcanism arowing on cartJon-13 enriched cartson sources becomes C-labeled ( heavier), thereoy enao"ng 

onetTrTsori^^^^^^ 

used successfully for the study of methanol-utilizing bactena in soil (37. 41 . 42). The soil of interest was 
Sated v^S^^^^^^^^ methanol, the genomic DNA was extracted and spun ^own 'n a gradient of^s^u^^ 
chloride toTparate the "heavy" ("C-labeled) DNA from "lighf. DNA containing pnmanly "C. (A small fraction 
of "C also ^ as a result.of the natural distribution of this isotope in the biospher^) As 

Ited eariier twrappraach s suitable for separaUng DNA of metabolicalty active m.croorganims from mat of 
doi^^ant 0 defd one^ in ^ the Ume-resolved analysis of labeling studies allows one to deduce the 

Sb^LacC^^^^^^ 
usedtorateulateiaM^ 

labeled stable isotopes of cart)on. n?trogen. hydrogen, etc. are however. ^^P^^^'^^jJ^^^^^ 
reasons their use will remain restricted to the small scale, such as the miniatunzed in s,tu microcosm array 



OSMA, described in proposaUjafeS.;^ ^ ,„ 
limited pomnfel for r°ut.no monito H '^^ ,H.„^,.,l„n of microorali^ii^ 

addition , It may be impns.ihle to ^„ ^ B,pir characte ri»itin DNA seoueno^TThir 

cncitiVtv while also -'"^"^in" f»r comDietP automation of the analysis process . 

techniques are very rapid (<5 f"'n"^®s^anaiysis ume a h .,^3. ^ references therein 

.L) and have a generic c^pabiH^^^^^^^^^^ ^^S'toTeTrTse^^^^^^^^ ^° -^'-^ 

indicates that between 5,000 to 10,000 ^^''^ ®° ^^^^ technology and provide an outlook on future 

detection. Two recent reviews elaborate on st^^"^^^^^^^^ instruments to an astonishing 

spots and application of the digests to multi-sample MALDI-TOF targets for analysis (33). 



»■ 



The bioremediation of contaminated sites requires the development of automated field-ready 
technologies for studying the complex microbial communities indigenous to contammated subsurface 
environments. Moreover, these technologies need to provide evidence at the '^f 
linking metabolic activities observed at the site to the corresponding microorganisms. ^ ^^^^^^^^^^^^^^^ 

need we propose the use of an innovative miniaturized down-well device to be analyzed by n^°'ecUar-gene^ 
and proteomic methods. The proposed ISMA is based on a standard 96-well rnicrot.ter fonT| 
for fully automated analysis using commercially available robotics. Each ISMA sampler will hold 96 capillary 
microcosms" which can be operated in either batch mode, flow-through mode or a combination of the two. 
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Figure 2. 

Field site map Indicating the locations 
of monitoring wells at the Building 834 
Operable Unit at LLNL Site 300. CA. 
Five-ppb-contours show the extent of 
groundwater contamination caused by 
spillage of trichloroethene (TCE) and 
tetrakis(2-ethylbutoxy)silane (TKEBS). 
The contour for c/s-1 .2-dichloroethene 
(c/s-1,2-DCE) indicates the presence 
of intrinsic reductive dechlorination 
activity at the site. 



Figure 3. 

Composite digital image of an ethidium 
bromide-stained DGGE gel (35-55% 
denaturant) separating the bacterial DNA 
fragments coding for 16S rRNA. Using the 
primers GC-GM5f and 907r, fragments were 
amplified directly from DNA extracted from 
the following groundwater monitoring wells 
at LLNL Site 300: W834-D3. -U1, -A1, -B3. 
-J2. -S9. -12. -T2A. and -T5. 
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Figure 4. 

Schematic showing the /n situ 
microcosm array (ISMA) 
suspended in a standard 100-mm 
diameter groundwater monitoring 
well. The device is supported from 
the surface via an umbilical, that 
holds it in place and provides 
power and vacuum for actuation of 
the Integrated closure mechanism 
and pump. 



Figure 5. 

In situ microcosm array (ISMA) 
system components. 
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Figure 6. Cutaway view of the closure mechanism and the microcosm an-ay (see Section D for details). 



The device is deDloyed by lowering it into a monitoring well to the desired depth below the water table. 

The device is aepioyea " y ^ cnrface allows one to send an electncal signal to the built-in 

The umbilical tether connec ing the ^^.^^"^^^^^^^^^^^^ device from the surface will cause the two 

closure mechanism and the '"^egrated water pump^Tn^^^^^^^^ microcosms" to a 

weeks in flow-through mode. A't^"^^^®'^' ^^^^ ^rom flow-through mode to batch mode may be 

period in order to continue '"'^"bation m batch mode^^^^^^^ ^^^.^^^ 
required to simulate anaerobic conditions m saturated aerobic 60^'^°"^ preventing 

tool from the well, microorganisms will be extracted fr^j^^J^®, ^P"'^^^^ DNA by density-gradienf 

isotop^labeled. higher-density DNA wM be sepa^^^^^^^^^ 9 ^^,3^, 

centrifugation. This higher-density DNA (and he "°";^f°^^^^^ replicate capillary microcosms- 

molecular techniques described in detail '^f ^;^dd>t'^^^^^^^ B^aWnrrdvan?age^^^ 96-well 

containing non-labeled substrates will be analyzed MALDN^^^^^ 9 ^^^^^.^^ 

format of the device, this analysis can P°'-f Jy ^^^^^ extracts on the 

S^r^^Sn scope of.this explorato. 



research project. 



Twn nrototvoes of the device will be manufactured by the Instmment Design Group (IDG) of the Johns 
HopKins'ST^^^^^^^^^ Will first betested mechan^^^^^^^^ ^^b^X — and 

operation. Thereafter, we will load the compartments 'f^fj'^^^^^^^^^ for more complex 

conduct proof-of-concept tests in the laboratory "^'"9^^^^^^^^^^^ to test trie 

gradient centrifugation to separate the heavier labeled irom ine uy products of amplified light 

during the incubation period. 

Additional experiments will focus on the appncability ^^^^^^^^^^^^^^^ on 
automated analysis of mixed cultures focusing on f ""^,^"*P^^^^^^ of functional 
both the identity (cenotyM) of the organism (targeting nbosomal proteins) and the expres 



genes targeting enzyrne-s ~ ^^^^^^ S=i^'up to 5 

performed at the proof-of-concept level f^^^^f ^^^^^^^^^^^ biomarkers revealing the 

members. Our analysis will focus °" P^^^^^f^^^^^^^ cleanup steps, this work will 

genotype of detected organ^ms. In *° f gene products, we will focus on 

be conducted with '"tfct cells of pure cult^^^^^^ nitroaramatlcs. the 

the detection of a v^e''-<^h3ra,^^«"f ^^""^^^^^^ ^ ie,di,g the target 

nitroreductase of ^^'^''f f ' f.Tl?L f29^^^ to allow for direct detection of the 

protein at concentrations (of up ^SJj^g/L ^29)^^^ necessary, proteins will be partially 

protein in intact cells or in crude extracts of ^J°''°yJ^^ a r29^rThe literature and our data on virus 

purified from ^ cell ex^^^^^^ ,3q,,e any protein 

peptide digestion fragments/sequences (e.g., (21, 56). 

The final objective of this study is to 300. 

situations. For this purpose, we will deploy ^^f'^M^ prototypes at t^^^^^^^ P ^^^^ 

CA. These tests will be conducted in ^g^t^^^^ Se RgO e 1). In these 

collected an extensive chemical and ecological dataset(18 ^omt^ th^'^Sabe^^^ biological breakdown 



03 SA#1- -TnrrffFr — ^- r"""" •"'""'"'I f"""""''^ "'""^ orom^xl In silu microccsm array 
(umbilical tether). The dry mass of the ISMA system is J;^ kg (15 IDT), vv^ 

device has an overall length of 173 cm (68 '"f^^^^)-^^*^^^^,^^^^^^^^ weight -2.7 kg (6 Ibf). 

closure mechanism -1 .7 kg (3.8 Ibf); effluent ^^^j" 2a^i^^^^^^^^ mass of the system of 12.2 
When the effluent bottle is full the mass increases by 5 kg resulbng -n^a ^tai we mass 

kg. we will conduct mechanical ^es^s o"f ^^^^^^ of flow rate curves for . 

of the devices in the laboratory and in ttie field. P^P*®!,'?.^^^^ The ISMA is designed to remotely 

the integrated variable speed pumps (1 P^^^^;^^) .^^^^^^^^^ to filinto a standard 

extract and culture environmental samples ^^/^''.oremediat.on stu^^^^ ConsenTative estknates for pressure 

the shallow perched water-bearing zone of interest (18). 

AS Shown in Fig. 5. the ISMA system consists of a pump^ a SS^eH ^.rocos^ 
closure mechanism, an effluent bottle and a weight The sy^i^ Sre mShaS is opened via a 
sterile water and lowered into the wel with the array sealed The c^^^ure n^^^^^^^ ^ ^ ti,g initially 

pneumatic cylinder and groundwater is quickly ^^"^^^."^^^^^^^^ FoLing 
in high-flow mode to replace the stenle water ^ Velocity at the site 

Tty^^sr^^^^^^^^^^ 



,He effluent boUle is allowed .0 escape via aj-g piece 0,^^^^^^^ 

and samples are analyzed. ... . « 

v,»,,io«, /Pin R\tnremotelv seal the 96 capillary microcosms atter a 
The ISMA utilizes a c'°sure mechanism (Rg 6) t^^^^ microcosm measures 7.5 mm in 

sufficient groundwater volume be^" /^^^^^^^^^^^^^ in the Fig. 6. flow is injected 

diameter and 25 mm in ^epth. y<e ding a wor^ .kj M ^^^^^ ^^^^ ^p^^ 

into the mechanism via a ^'^a'^'^'f^f^^^ /iJ^^h^^^ P'ates are aligned with holes in the 

configuration (Fig. 6. upper inset). How exits from the lower cavity via a single 

underlying restrictor plates allowing fluid to Pf^^^[°"f . ^^^^^ the holes in the restrictor plate 

outlet. To seal the array, the valve plates are translated a pneumatic cylinder. A 

and cutting off the flow (Fig. 6, lower Inset) The valve plates a e ranslated J^mQ a pne ^y^ ^^^^^ 

compressive force is applied to ^^^f J.f ^^3^^^^^^^^^^^ rigidity and coated 

restrictor plates. The valve plate will be ^^^^^ ^^^^^TJ dLure ^^^^ is actuated using a pneumatic 
. with Teflon® to allow for smooth valve °Pf ^ pressure vessel. In order to 

cylinder. Pressure is supplied to cylinder locally ^^^^^^^^ ^^^33^ in the 

Tom the Cylinder is vented above the water table via a tube in the umbilical. 
hioremediation. 

. K «f tho twn i^MA devices will be loosely stuffed with sterile glass wool plugs 
All 96 positions of each of the two "SMA aev,ces wm assembled for testing. Five different 

using surface:sterilized tweezers follow ng ^^^'^^^^^^^^^^^ Pseadomonas 
strains of bacteria (E. coli, Bacillus (LB) medium (36). TYP 

sp. Strain B1 3-D5) will be grown in the dark (rpm, 30 C) carbon and energy 

m'edium (15), TYC medium (47). or JJ^n-d^-^^^^^^^^^^ (10.000 g; 20 min). 

sources (5 mM) and trace minerals ^o'^t'on (2|)_Ce Is w li b^^^^^^^ ^ ^^^1 ^^^^^ 

washed twice with phosphate buffered "^j^^^ will be combined to 

approximately 5x10^ CFU/mL. Equal '"^^^^^ 1(/colony fomiing units (CFU) of , 

produce a defined 5-membered community "'^^^ "'"9 ^PP/^J^^^ n Ji„ be placed in a large Erlenmeyer^ 
each of the five different bacteria per .^^^'^.'^'^^^.'^J^^^^^^^ mL each) of the 

flask equipped with a magnetic stir bar f« in^J^s o^tke So ISMA prototypes using the integrated pumps, 
suspension will be fed at a low flow rate into \he inlets ^^^^^^^^^ G^^33 wool plugs will be removed 

At the end of tine inoculation period, the device wiH be drained ^"J^^P^"^^ from the 

aseptically. tiie capillary washed f^^^^Q^^^^^^^^^^^^^^^^ I mL of ?BS including tiie above rinse volume), 
plug by vigorous shaking (1 hour) '"^st tubes containing 5 r^^^^^^ y ^^^^^^^ 

Ex^adled bacteria will be diluted and en^^^^j.^f^ Poast (e a ^ 23)1 The total volumes passed ttirough 
by tiie ISMA. 

Ne^ .he above expeHn,an.^,l be repeated using ISM^ eq-ipped a 

:re:;=^rg£:::^s=^aSers^^^ 



ennchment of Strain B13-D5 (22). Jll^^°^°yy^^^ carbon source. Again, a feed solution (10^ 

expenment, however^ over a 1M°1<' ""S^ oriented rthe device. The ISMA will be analyzed as descrtbed 

enrichment of bacteria of importance to bioremediation. 

D3 SA#3- ^rrrfff - ^'^ rn H.t.rmin^ whethe r '•n.i Y.i^ nflSMA samplers by stable isotope-probing 
..-.-,^:?l'^t^rnM rrS^r) .Haws one w/c»na,«.h metabol i r^l l v active m icroorqan,sms-that are d,re ^ 

hioremediation. 

crude extract will be 'ortifled«itb non-labeled DMA fr^^^^^^^^ es„wXr.K7non. 

LtS'^S^^dirnSyouaeDNAex^^^^^^^^ 

amplified DNAs compared using DGGE (43). 

cleaned PGR product will be subjected to cycle sequencing. 

DNA Extraction In short, the bacteria will be collected as above and then a)ncentrate^^^^^^ 

PGR The 16S rDNA will be amplified from the cmde DNA according to Teske (48) and the resultant 
PGR. I ne ibi> nJiNM w"' «L h methods will also be mplemented to analyze 

amplified DNA compared using DGGE (43)Jhese ^^^^ "^^^^^^ combination GM5f-GC (fon^^ard) 
controls consisting of glass plugs that had not hee" 'nocuim^^^^ ' ? the 16S rRNA. The nucleotide sequence of 
and 907r (reverse) amplifies an approximately 550 f P ^^^^^^^^^^^^ Sntains at its 5' end a 

the fon/^ard primer, which is ^Pecrfic for eubacten^^^^^^ 

40 base GC clamp (5'-CGCGCGCCGCGCCCCGCGCCCGTC^^^ consensus sequence 

n^ai^S^^^ decreases by O.S'C every cycle un^i a touchdown of 55°C, at wh.ch 



temperature a further 10 cycles are carried out. PGR amplificaton will be Performed in a total volu^^^^^^ 50 pi 
in a 0 2 ml miaofuge tube. Each tube will contain 1.5 mM MgCb. 50 mM KCI. 10 mM Tns HCI (pH 9.0). 2% 
bovine serum albumin (BSA). 100 pmol each dNTP. 50 pmol of each primer and 1 unit of Redtaq genomic 
DNA polymerase (Sigma, Ml). Template DNA at a concentration of 1 ng will be added to the reaction mix. The 
PGR machine to be used is a PTG-2000 DNA Engine Peltier Thermal Gycling System. MJ Research, MA. PGR 
products will be identified on 1% agarose gels stained with eOiidium bromide and visualized using a UV 
transilluminator and a gel documentation system (Alpha Imager 2000 V5.5, Alpha Innotech Gorporation.VA). 
Amplified DNA of the con-ect size will be reconditioned according to Thompson (49), that is, a low cycle 
number reamplification of a ten-fold diluted template PGR product will be performed to reduce the potential for 
fonnation of heteroduplexes. 

DGGE Fifty pi of reconditioned PGR product will be loaded onto the denaturant gradient gel for 
analysis of the microbial assemblage of PGR fragments obtained by amplifications of the DNA extracted from 
the compartment. The DGGE analysis will be perfonned as described by Schafer and Muyzer. (43) with 6 /o 
(wt/vol) acrylamide gels (in 0.5 TAE: 20 mM Tris acetate [pH 7.8], 10 mM sodium acetate, 0.5 mM disodium 
EDTA) containing a linear chemical gradient ranging from 35% to 60 % denaturant. Gels will be poured from 6 
% (wt/vol) acrylamide stock solutions (acrylamide-N,N-methylene-blsacrylamide. 37:1) containing 0 and 100 /o 
denaturBnt (7 M urea and 40 % [vol/vol] formamide. deionized with AG501-X8 mixed-bed resin [Bio-Rad 
' Laboratories Inc.]). The gels will be run for 18 hrs at SO'G and 100 V. Bands will b^ visualizedDy staining. The 
optimal method for staining DGGE gels is ethidium bromide staining, the gel is stained in 100 ml of 1 x TAE 
buffer containing 50 ^g/ml ethidium bromide. This is gentiy agitated for 15 min. the solution discarded and 
replaced with distilled water to remove excess stain and left for 10 min before pouring off the remaining liquid. 
The gels will be visualized with a UV transilluminator and a gel documentation system (Alpha Imager 2000 
V5.5, Alpha Innotech Gorporation, VA). , . u- . //i-jn 

This technique has been widely used to detemiine the genetic diversity of natural microbial communities (43), 
in this case we are using it to analyze the influence of our sampling methods on the obtained picture of tlie 
natural community. Some bands will be extracted from the DGGE analysis for sequencing in order to validate 
the process. 

DS-SAM- Specific Aim M. To evaluate in a proofof-conceot stud v whether ISMA samplers are 
amenable to analysis bv matrix-assisted laser desomtion/io nization time-of-fUght mass spectrometry (MALDI- 
TOF MS), a raoid analysis technique that potentiallv can i n form about both the ider^tity of microorganisms 
(genotype) and the molecular composition of cells (phenotvoe). 

The strategy for this task is as follows: (a) detenninaUon of specific biomari<ers for 5 model organisms 
(b) detemiination of minimal cell quantities required for detection of specific organisms by MALDI-TOF MS, (c) 
analysis of selected samples containing defined mixed cultures of microorganisms, (d) analysis of cells of 
Pseudomonas Strain B13-D5 and E.coli. not induced and Induced for overexpression of phenoxybenzoate >i 
dioxygenase (PCS dioxygenase) (7) and nitroreductase (29), resepectively. (a) We will obtain MALDI-TOF 
mass spectra of intact cells from pure cultures of £. coli. Bacillus subtilis, Deinococcus radiodurans. Rhizobium 
meliloti and Pseudomonas sp. Strain B13-D5 grovvn on appropriate minimal media and on coniplex media 
(e.g., Difco nutrient broth) using a Voyager DE-STR MALDI-TOF mass specfrometer and estabhshed protocols 
9) Prominent mass spectral peaks (typically 10-30 for Intact cells) that are detectable in the 4.000 to 15 000 
mk range (irrespective of growth conditions) will be tabulated for each organism. Gandidate blomari<ers that 
are detected in more than one type of organism will be discarded. This initial peak selection process is 
designed to maximize the odds of focusing on protelnaceous biomari<ers, and more speciflcal y on singly 
charged ions from intact ribosomal proteins ttiat are known to dominate mass spectra of intact bactena ceHs 
(see (3, 12) and references therein; ribosomal proteins contribute up to 21% to ttie total protein content o E. 
CO// for example (4)). Dr. Pineda of ttie Johns Hopkins University is currently developing a Networi<-€nabled 
Microorganism Identification (NEMID) database tool that predicts ribosomal biomaricers for microorganisms 
based on sequencing data, accounting for potential A/-temiinarmeUiinine loss (personal communi<^tionMf 
available at the time of this study, we will make use of ttiis tool to exfract ribosomal biomari<er peaks from our 
generated list of potential candidate peaks. Our selection of microorganisms will woric to our advantage 
be cause 4 of ttie 5 microorganisms proposed for ttiese studies have already been completely sequenced 

100 



(Strain B13-D5 represents the one exception), (b) We will experimentally determine the minimal number of 
cells required to successfully obtain a mass spectmm featuring 3 or more characteristic biomari<ers; the 
literature indicates that a minimum of about 10,000 cells need to be present on the sample holder to achieve 
successful detection, (c) If the detection limit is sufficiently low, we will analyze the samples generated in 
experiments described in Specific Aim #2. Specifically, within a background of other microorganisms, we will 
attempt to detect by MALDI-TOF MS cells of Strain B13-D5 that have been selectively enriched In the ISMA 
during growth on benzoate-containing agar, (d) We will analyze by MALDI-TOF MS cells of Strain B13-D5 not 
induced and induced for POB dioxygenase (22), consisting of 46.3 and 33.6 kDa subunits. Similariy, we will 
attempt to detect the Entereobacter cloacae nitroreductase by comparing mass spectra from induced and not 
induced cells of £ coli pRK1 focusing on the 29 kDa nitrogenase (29). It is likely that the functional enzymes 
cannot be detected directly because of their lesser abundance and unfavorably large mass. Therefore, we are 
prepared to selectively extract and partially purify proteinis from. cell extract using the standard techniques 
outlined below. Purified proteins will be digested with trypsin and obtained data analyzed using SwissProt and 
NCBI database searches using our established methods for microorganism detection (20). 

Proteins will be extracted from microbial cells with 35% acetonitrile/1 % trifluoroacetic acid (TFA) and 
bound to a strong cation exchanger macrospin column (SMM-SCX, The Nest Group, Inc.). Proteins will be 
eluted from the macrospin column in at least four ammonium chloride salt steps ranging from 10 mM to 1 M 
- ammonium acetate or ammonium chloride. Fractions will be dried, resuspended inJ50 mM sinapinic acid (SA) 
containing 35% acetonitrile/1 % TFA and analyzed by MALDI-TOF MS (Voyager D^^TR, Applied Biosystems, 
Inc) if necessary, in both negative and positive ion mode to enhance the discriminatory power of the assay. 
When necessary, salt fractions will be desalted using C4 Ziptips (Millipore Corp., Milford). 

Reverse-phase chromatography represents an alternative to ion exchange chromatography and will be 
tested using C8 Macrospin columns (SMM-SS08V, The Nest Group, Inc.). Protein extracts will be diluted with 
1% TFA and. bound to the 08 spin column. After washing with 1%TFA, protein will be eluted from the column 
in at least four steps ranging from 5 to 50% acetonitrile, dried, resuspended in matrix and analyzed by MALDI- 
TOF MS. If neither of these methods sufficiently reduces the sample complexity, then both affinity procedures 
will be performed in series. Cleanup steps and analyses will be automated as much as possible. 

D3-SA#5: Specific Aim #5. To evaluate the aoDlicabilltv of ISMA technology to real-worid situations by 
deploying prototypes of the device at a highly contaminated and well-characterized VOC-containinq Superfund 
site. 

The project will conclude with a field test of the ISMA sampler at the Building 834 Operable Unit at Site 
300. Samplers will be configured with three types of compartments: glass wool plugs only, glass wool plugs 
containing 10% agar by volume, and glass wool plugs containing 10% agar by volume supplemented with 
lOg/kg of "C-labeled tetraalkoxysilane (custom-synthesized tetrabutoxysilane or tetrakis(2-ethylbutoxy)silar\^). 
ISMA samplers will be prepared in the laboratory, placed on ice and transported to the field. Prior to * 
deployment, the compartments of both samplers will be flooded with sterilized distilled water in order to replace 
air. Samplers will be lowered into monitoring wells W-834-D3 and W-834-T5 to depths equivalent to half height 
of the well screen (25 ft and 70 ft, respectively). Initially, the device will be operated in flow-through mode for 5- 
14 days and retrieved. Back at the surface, the device will be drained, placed on ice and shipped ovemight to 
the laboratory for analysis. Several sampling events are planned. The PI will train the LLNL personnel, conduct 
the first deployment of the sampler, and will observe the second sampling event Following this, the trained 
LLNL staff (Mrs. Gregory and Madrid) will independently conduct any additional sampling as needed. 

The ISMA samplers. will be analyzed as described above using the molecular-genetic analysis 
approach. The content of replicate compartments may be combined in order to increase the amount of DNA 
extracted. The woric will focus primarily on the extraction and analysis of the ^^C- labeled heavier DNA fraction. 
Reld sampling will be repeated and modified as needed in order to maximize the growth of microorganisms 
metabolizing labeled tetraalkoxysilane-related compounds. Obtained samples will be screened for the 
presence of heavy DNA and sampling will be repeated as necessary. Heavy DNA from a successful field trial 
will then be analyzed completely including sequencing of DGGE bands and comparative sequence analysis. 
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Comparative sequence analysis. Obtained sequences (>500 bp) will be analyzed using BLAST (1) and 
added, together with most important BIAST hits, to an alignment of about 5,300 homologous bacterial 16S 
rRNA primary structures (35) by using the aligning tool of the ARB software package (http://mikro.biologie.tu- 
muenchen.de). Sequences will be checked for chimera formation with the CHECK_CHIMERA software of the 
Ribosomal Database Project (35). Potential chimeras will be eliminated and phylogenetic trees constructed. 



The work detailed in Section D3-SA#1 will produce two functional prototypes of the ISMA sampler. Computer 
modeling results obtained using the final design parameters will Indicate the maximum depth to which the 
devices can be lowered safely for groundwater monitoring. Statistical analysis of the two datasets obtained 
from the experiments described in Section D3-SA#2 will yield information on (a) the variance of feed rate as a 
function of microcosm capillary location within the ISMA, (b) the efficiency of cell capture for each of the five 
microorganisms which differ in size and surface characteristics, (c) the microbial accumulation effect one may 
achieve in field situations via in situ filtration of defined groundwater volumes, (d) the effectiveness of the 
device to selectively enrich specific microorganisms of Interest from complex microbial mixed cultures (this 
concentration factor is critical for successful MALDI-TOF MS analysis). Results from the laboratory SIP 
experiments detailed in Section D3-S/^3 will infomi about the potential usefulness^of incorporating stable 
isotopes for selectively labeling microorganisms in situ using the ISMA. The work described in Section D3- 
SA#4 will produce proof-of-concept data on (a) the u?e of MALDI-TOF MS for automated ISMA analysis for 
identification of bacteria, (b) the type and nature of biomari<ers occurring in the mass spectra of the five model 
microo^anisms. (c) the minimal number of target bacteria required for detection, and (d) the possibility of 
detecting functional gene products by MALDI-TOF MS using readily automatable sample processing 
techniques. The field experiments described in Section D3-SA#5 will (a) provide prpof-of-concept data on the 
performance of the sampler in real-worid situations, (b) provide a supplemental dataset on ttie microbial 
community of \he study location that can be evaluated in the context of previous studies, and (c) potentially 
reveal which of the organisms detectable at the site are involved in tiie transformation of tetraalkoxysilanes. the 
drivers of reductive dechlorination at the site. 
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Figure 4. 

Schematic showing the in s'rtu 
microcosm array (ISI\/1A) 
suspended in a standard 100-mm 
diameter groundwater monitoring 
well. The device is supported from 
the surface via ah umbilical, that 
holds it in place and provides 
power and vacuum for actuation of 
the integrated closure mechanism 
and pump. 



Figure 5. 

In situ microcosm array (ISMA) 
system components. 
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Figure 6. Cutaway view of the closure mechanism and the miaocosm an-ay (see Section D for details). 
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mechanism sealing the array. After a sufficient incubation period, the device is removed from 
the well and taken to a lab vAxere the array is extracted and samples are analyzed. 
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Mechanism 



Fig. 2 ISMA system components. 



Array and closure mechanism description 

The ISMA utilizes a custom 96-welI microtiter array and closure mechanism to remotely seal the 
microvessels after a sufficient sample has been collected; see Fig.. 3. The microvessels are 
7.5 mm diameter and 25 mm deep yielding a working volume of 1 100 ^1. As shown in the figure, 
flow is injected into the mechanism via a single inlet filling the upper cavity above the valve 
plate. In the open configuration shown in the figure, the holes in the upper and lower valve 
plates are aligned with holes in the underlying restrictor plates allowing fluid to pass through the 
array. Flow exits from the lower cavity via a single outlet. To seal the array, the valve plates are 
translated horizontally blocking the holes in the restrictor plate and cutting off the flow. The valve 
plates are translated using a pneumatic cylinder. A compressive force is applied to the valve 
plates using springs to facilitate a tight seal between the valve and restrictor plates. 



Operating depth 

The operational depth of the device is limited primarily by hydrostatic stress. Based on 
conservative estimates, the device should function normally in depths up to 10 m. More detailed 
analyses and tests will have to be perfomned to determine the true depth limit. 



ISMA Closure Mechanism 



The In-Situ Microcosm Array (ISMA) system proposed will be used to remotely extract and 
culture environmental samples for bioremediation studies. The ISMA is designed to be 
suspended into a 100 mm (4") diameter well at depths up to 100 m (-300 ft.) and submerged up 
to 10 m (~3b ft.) below the water; see Fig. 1. The system collects ground water samples over a 
period of time and then seals creating an anaerobic environment suitable for clilturing ? (Rolf) 
microorganisms. 




— ISMA 



Fig. 1 Schematic showing the ISMA suspended in a standard 1 00 mm 
diameter well. The device is supported from the surface via an 
umbilical, which supports the device and provides power and telemetry 
to the surface. 



System level description 

The ISMA system Is shown in Fig. 2. It consists of a pump, a 96-well microtiter an^y, a closure 
mechanism, an effluent bottle, and a weight. The system functions as follows. The device is 
lowered into the well with the array sealed. The closure mechanism is opened via a pneumatic 
cylinder and ground water is transferred to the microtiter an-ay from the pump. Ground water 
flows through the array exiting into the effluent bottle. Microorganisms are trapped in the 
webbing placed inside the array microvessels as the as fluid flows through the device. When the 
effluent bottle is full, a float trips power to the pump and actuates the pneumatic closure 
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Figure 2. 

Field site map indicating the locations 
of monitoring wells at the Building 834 
Operable Unit at LLNL Site 300, CA. 
Five-ppb-contours show the extent of 
groundwater contamination caused by 
spillage of trichloroethene (TCE) and 
tetrakis(2-ethylbutoxy)silane (TKEBS). 
The contour for c/s-1 ,2-dichloroethene 
(c/s-1 ,2-DCE) indicates the presence 
of intrinsic reductive dechlorination 
activity at the site. 



Figure 3. 

Composite digital image of an ethidium 
bromide-stained DGGE gel (35-55% 
denaturant) separating the bacterial DNA 
fragments coding for 16S rRNA. Using the 
primers GC-GM5f and 907r, fragments were 
amplified directly from DNA extracted from 
the following groundwater monitoring wells 
at LLNL Site 300: W834-D3, -U1 . -A1 . -83. 
-J2. -89, -12, -12k, and -T5. 
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Fig. 3 Cutaway view of the closure mechanism and microtiter array. Detailed views show the 
alignment of the valve and restrictor plates in the open and closed configurations. 



Mass 

The dry mass of the ISMA system is 7.2 kg (15 Ibf). The dry mass on a subsystem basis is as 
follows: array and closure mechanism - 1.7 kg (3.8 Ibf); effluent bottle - 1 kg (2.2 Ibf); pump - 
1.8 kg (4 Ibf); weight - 2.7 kg (6 Ibf). When the effluent bottle is full the mass increases by 5 kg 
bring the resulting in a total wet mass of 12.2 kg for the system. 



Closure mechanism actuation 

The closure mechanism is actuated using a pneumatic cylinder. Pressure is supplied to the 
cylinder locally using a small pre-charged pressure vessel. In order to keep the unit compact, 
the pneumatic cylinder, control valves, and position sensors are encased in the pressure vessel. 
Prior to deployment into the well, the vessel is charged. A low voltage electrical feed from the 
surface is used to switch the state of the control valves; thus opening/closing microtiter valve 
plates. Signals from the position sensors on the cylinder are fed to the surface indicating the 
state of the device. Bleed off air from the cylinder is vented above the water table via a tube in 
the umbilical. 



Ill) 

■r 



molecules in native microbial communi eTin ,i v Z . "^"i™'^ 
of chemicals in soIu™"»7on ""w) ftf ^^^^^^^ ^ ^'"''^"g '^^ctiom 

mic^or™, and '™'";n ■ 1™' for novel 

the laboratoty enviromnent. The tool-in situl^r^risZ ^ - *"'™ " 
large number of compartments (tens to thouTa^ SpTT" . T "'""^ <^°'"^ ^ 

natural environment L for detirilStchS^f^L?^^' and cultivating microorganisms in their 
tool serve as biochemical test vesseHach comlZ^ , ' . ^""""^ " ''"^ Th» compartments of the 

delivered in the dissolved rohd ^^l^^^^ f ' or WbrgLc compounds 

metabolically active micriorBan^?^r,ir 1 ^ """"^ ''"^ "P'^= ^V. binding to 

to the m^t^<>(iIr^H^J'^^*^'j!^yj^;'^ "^'""''^ comparhn4 of the dfvice 
to analysis, fctegrated p Jmps Zi7Z!mLtZTff!^nT''^Zf'^Z'''''' "'""^^^ " » Pri°r 
(e.g., groundwater or sLaterTttourrdt^ Zet^^ "T""* of.*™^^^^ test ma4 

mode, open-system mode or a comStion of rabov^T^i^r' , "^"^T Aow-through mode, batch 
elec.ondonor/acceptorcompounds.oS^^^^^^^^^^ 

may also be amended with bacSs^ eT/^Tnrifr f ^^^^on sources and energy sources. The device 

of isotope-enriched markTrs^lS^^^^^^^^^ ~ ^PP^o^^hes. Analysis 

performed on ti.e environmentLl^;^ t^^^^^^^ can be 

composition and microbiaUy-induced change rcherrwli k n ? "^"^^^ ^° determine biofilm 

were passed through them Co^S dl^^^^^^ ^ffv '"'"^^ '^'^ system or within the fluids that 

for performing a c^plete m^ bSce on b^t^^^^^^^ of the vanous test vessels combined or individually allows 

picture of theLrobial c^^t^ty^d a"^^^^^^^^^^ ^^^^"^ P--^« both a 

Computational analysis of the mulLTe corr^^nf.^ I, °f biochemical and/or physical change, 
profiling-can be us^d tS Xe^ed Sls^'f T "^'^ ^-S" ^'tractive 

selected subpopulations aid^n Ssk TO^^t^^^^^^^^^^ "^T^'l^ community members. Use of inhibitors for 
screening, uTe of isotoperrstabirand/^^ technology xs novel m that it combines automated biochemical m situ 
indepenlent JcrSoi^'^^^^^ ,^4^^^^^ ^ " h '1°^'-" ^ laboratory-culture- 

complex microbial communiStT^^evea th^n ^ ^"^'^ reactions/activities to distinct members of 
functions and cell signXrwWle rec^^^^^^ nncroorganisms, biomolecules. metabolic 

Therefore, it can be S t^ the n^^ . f ^ '^^^^^ ^^^^^ environment at the same time, 

ecological'risk asses me^tsm^e ™ d to .''"^"^ biodiversity prospecting studies, and 

introduced by the measuring tecSiia^ lv t i T"'" "^'^''^ enviromnents, systematic biases 

compomids ^ hying SoT^7^1i:2T standardizing the analysis, by including test 

algorithms that cozreft ^LSTt™^^^^^^^^^^ .TT °' 



z. rrooiem aoivea [uescnoe me proDiem soivea oy mis inventionj 

The new tool and analysis strategy allows one to determine the microbial community structure of complex 
environmental mixed cultures, to link an observed chemical, biochemical and/or physical change to a particular 
microorganism, to study microbial interactions, and to culture and study previously uncultivated microorganisms in 
pure culture and during interaction with their natural environment. Due to the incubation of the tool in situ, rates 
and metabolic activities determined with the device are expected to closely mirror actual actions currently occurring 
or potentially occurring in situ. The use of isotopes in conjunction vidth molecular-genetic and/or proteomic 
analysis techniques allows one to distinguish dead and dormant microorganisms from metabolically active ones 
(only viable cells will incorporate isotope labels into biomarkers). Parallel testing of effects caused by various 
environmental parameters (e.^., type and concentration of added nutrients/mixtures/microorganisms) allows one to 
deduce which of the metabolically active microorganisms are responsible for an observed change. This has 
important implications for the design and monitoring of bioremediation strategies, e.g. bioimmobilizaiton of 
uranium by bacteria, or the dechlorination of toxic chloroethenes, etc. Taken together, these characteristics of the 
new technology provide a hitherto unattained level of discriminatory power that will enable one to selectively 
enrich for, culture and identify novel microorganisms and microbial functions. This is of great importance for the 
cleanup (bioremediation) of contaminated sites and for the biological prospecting for novel microorganisms, 
biornolecules, drugs and metabolic processes. Furthennore, the technology can be used for the in situ cultivation of 
microorganisms that do not grow in the laboratory, and for assessing the survival and metabolic activity of foreign 

species in natural environments, which is of importance to public health. 

3. Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 
The tool and analysis strategy are novel because they allow for the first time the cultivation and comprehensive 
biochemical characterization of microorganisms in their natural environments. The technology is novel in that is 
combines in a non-bbvious fashion the following tools/approaches: solid-phase sampling techniques, in situ 
enrichment and biochemical screening, use of electron donor/acceptor pairs, isotope labeling and massive parallel 
screening with automated analysis. The technology is novel in that it provides data for hundreds or even thousands 
of hypothetical environmenta;! scenarios, thereby allowing one to determine quickly and in an automated fashion the 
likely rates of environmental change induced by these perturbations. The strategy is novel in that it makes use of in 
situ microcosm arrays in conjunction with culture-independent microbial community analysis to obtain a 
comprehensive picture of microbial communities. It is suitable for linking specific microbes to observed reactions 
by using computer-assisted subtractive profiling techniques. It is fully compatible with existing robotic systems 
thereby allowing for rapid and fully automated analysis using chemical, physical, biological, genomic and — ^more 
importantly — ^proteomic analysis techniques. The proposed mclusion into the in situ microcosm array sampler of 
miniaturized pumps, closure mechanisms, semi-permeable membranes and filters is new as it will allow one to first 
inoculate and then incubate the device in the environment without removing (and potentially harming) the resident 
microbes fi-om their natural environment. The device can be equipped with microfluidic systems allowing for 
deUvery of small volumes and deiined quantities of microorganisms to the test chamber prior to physical and/or 
chemical containment of the captured specimens via barriers that are either non-permeable, semi-permeable or 
completely permeable for chemical compounds; this aspect will allow one to culture uncultivated or "non- 
culturable" bacteria to numbers sufficiently large to perform biochemical characterization and identification. The 
technology is suitable for determining the rate of protozoan grazing in situ. The device also allows one to determine 
how non-native microorganisms will cope in natural environments when confronted with physical, biological 
and/or chemical stressors. For this application, test organisms will be inoculated into the device prior to its 
deployment. Semi-permeable membranes can allow the introduced species to come into contact with the target 
environment while staying contained in the device. Inoculation of some of the test chambers with known quantities 
of test microorganisms also can assist in detennining the toxicity of a natural enviroimient and in normalizing 
assessment data for direct comparison of geographically distinct environments. 
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4. Detailed Description of the invention: 

On a separate page(s). attach a detailed description of how to make and use the invention. The description must 
contam sufficient detail so that one skilled in the same discipline could reproduce the invention. Include the 
following as necessary: 

Please refer to the attached two grant proposals and one abstract, taken from a letter of intent sent in response to a 
request for proposals. 

1- data pertaining to the invention; 

2- drawings or photographs illustrating the invention; 

3- structural formulae if a chemical; 

4- procedural steps if a process 

5- a description of any prototype or working model; 

In general, a manuscript that has been prepared for submission to a journal will satisfy this requirement. 
Configurations of the in sifti micr ocosm a rr ay (ISMA^ for bioremediation and bioprosnecting in addition tn thns^e. 



mentioned in the attached research proposals. 



In addition to the details provided in the attached research proposals, the device can be equipped/used as stated 
below: 

Sorbent materials for chemical analysis. Effluent from the individual flow-through microcosms will be passed 
through a sorbent material (e.g., chromatographic columns, C-18 solid-phase-extraction plates [Spec manufactured 
by Vanan], ion exchange cartridges, disk filters, membranes or other) to sorb and capture selected 
chemicals/specimens of interest. FoUowing retrieval of the device, chemicals/specimens collected on the sorbent 
can be removed and analyzed. This allows one to conduct a complete mass balance on microorganisms and 
chemicals entering and leaving the device. For this purpose, sorijent arrays can be located downstream and/or 
upstream of the microcosm array. 

Mdividual collection vessels. The attached drawings shows a single receptacle for the combined effluent of all 
flow-through microcosms. Alternatively, the effluent of the individual microcosms may be collected separately. 
Thus, the single effluent bottle shown in the attached research proposal may be replaced by a manifold connected to 
hundreds or thousands of small bladders that can capture the effluent from each individual microcosm thereby 
providing an absolute mass balance on all materials that passed through each of the microcosms. 

Standardized microcosms. Each ISMA can contain a number of "standardized microcosms." The latter are flow- 
through microcosms containing a known quantity of well-defined microorganisms and varying amounts of test 
compound(s) (none to high concentrations). Standardized microcosms will provide a measure of the toxicity of the 
test environment. In addition, analysis of the survival and growth of these microorganisms and their metabolic 
activities under the respective conditions will allow one to normaUze test results for ISMA samplers deployed in 
different locations and at different pomts in time. 

Integration of filters in selected microcosms. Selected microcosms will be equipped with a fiher (placed at the inlet 
or further upstream of the flow-through microcosm). Filters will allow one to selectively exclude certain micro- 
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rnf» .,f * "-"^ '='^'^''P^=='=^cmsion or protozoans will allow one to dptprminPtK^ 

^lnr?n,f '"""'^^ '"""^ °f ^° of microcosms that were identical except foX 

re.r compound delivery system. Agar is only one of many substances to be used as a substratum for microbial 

2priirzs^:,^i-— ^^^^ 

(passive gas delivery); or active gas delivery using miniaturized pressurized gas bottler 
Pumps. The test inedium (e.g., groundwater or seawater) may be delivered by a single pump using conventional 

I ! r ^ u penstaltic pumps and/or bladder pumps. Alternatively multinle 

?eXSL?fits ^hvs-ri^T'" ^'"f" ^" ^^^^"^ ^^^"^^^^^ of presLeLldup ^.^mT; occ^^^^ a 

^^^^ ^ ^-^ove pump 

Microfluidics and multiple arrays. Some applications may benefit from the use of microfluidics and ooeration of 
maTbe^^^^ 

may be as high as several thousand per imcrocosm array. These miniaturized systems will be fed with test metUum 
(groundwater seawater. etc.) using microfluidic systems that minimize dead volume ^X thfde^ce Sd^^^^ 
for dehvejy of (sub-)microliter quantities of test medium to the individual microcosmTms cor^Z^^^^ 
ma1lto?reXr'f ^^'^^^ "non-culturable" microorganisms. ForoSl^e'of a' • 
ZLraZi nf " u -^-^ Pl-tes may move into an intermediate position thereby 

b'Xped^rrvtlT^^ 'T"'' individual microbial cells may 

be trapped randomly m a smgle microcosm. These may then be incubated in a flow-through mode that allows 

"tSsta'vT r^*^^"''^^^^ 

SctL^ tSe hT^^^^ "^"^ '^^"""^ ^^"^ in "chemical communication" and 
S Sfn i I . ^^^^^^ ^h^^*^^ i-^-^^-tions occurring only 

on^^ is s^l ^-'^""""^ of microcosms in 

Z^^^t °f these arrays m parallel or m series will faciUtate high throughput screening of large 

numbers oforgamsms under diverse test conditions. s-f & 

itS^Tl '^t" "^T"'^ exploration. Using the configuration and materials shown in the attached 

drawmg, the device is estnnated to withstand depth of 100 meter and below Alternative materials such as toe use 

S^r. ""f. °' ^-it^ble for deep-sea depCl T^e 

umbihcal shown m the attach ed figu re m ay be r eplaced with a remote and/or programmable co^tro Wh^L 



^-u.. ^..cuuocupe li^escnoe ine ruture course ot related work, and possible variations of the preset 
ZITT ^^°P^ ^'^P^^t^d to be operable; if a compound, describe substitutions 

breadth of substituents. denvatives, salts etc.. if DNA or other biological material, describe modifications 
that are expected to be operable, if a machine or device, describe operational parameters of t^e device or a 
component thereof, mcluding alternative structures for performing the various, functions of the machine or 

Tlie proposed technology has a broad workable extent. Microfluidics. filters of varying sizes, semi-permeable 
membranes and alternative closure mechanisms maybe integrated into the sampl^ separate iT^^ieTe 

ZI'cTZf ^ -"^^ "1 '^^^ t° place the sampler 

Optical and/or electncal detection systems may be incorporated in microfluidic configurations to seal Zi^nT 
mxcrocosrns as soon as a single cell has been delivered to the microcosms, thereby grS^y in^reiLg ^^^^^^^^ 

Z °maS:S ^-^--^ ^PP--^- -y be used for rapS and My a"2t^^^^^^^^ 

e g., matnx assisted laser desoiption/iomzation tmie-of-flight mass spectrometiy (MALDI-TOF MS) and protein 
^quencmg of enzymatic digests using tandem mass spectrometry (MS/MS). cStral faciUties may be u^ed fo 
analyzing s^plers deployed m situ. This will allow for automated analysis and for a high degree of 
standardization. Standardized analysis in turn will dramatically improve measurement precision and will allow one 

once Identified, these biases can be accounted and corrected for thus enabling one to predict with high accuracy L 
precision the environmental change to be observed following engineering interventions. For bioreSation 
ptoses, this would entaU the development of databases that record predicted biotransfomiation rTtes ^S rates 
acteveVh ■ ''"^^ '''' ^^^y^^^- Speed and ease of analysis may be 

d st^e IsS±' H-'tl^^r^^^^^^ "^'^^"^ •^^^^^^^^^ measurement techniques suitabL for 

discermng isotope distabutions (e.g., use of MALDI-TOF MS and bioinformatics database searches for automated 

e™l^ r \ '"^f '^'"""P P^°^^^^^S (^-S-' Gyrolab MALDI SPl etc.) in conjunction with 

enzymatic digestion steps (e.g., trypsin digestion). ' 

^^ttenf/^T^"'^ ^'f^^'f, ^f^^y^^g f^t^ °f either beneficial or hazardous biological agents in natural 
cZZ r°'^rr^^''?r ^° *° as closely as possible ^thin each test 

seZ^rw P^y^-;^^^hemIcal^loIogical environment of interest (e.g., flow-through cells equipped with local 
edmient etc.).^Agam, the device would be equipped with a semi-permeable barrier allowing for L^action of the 
test species with the environment without allowing for its release. 

t^tr-'f^^'^'^^^^T '^^A"^^"- relevant journal citations, patents, general knowledge or other 

pubhc information related to the invention] . 

Y-J- Chang. Y.-D. Gan. and D. C. White. 2002. Presented at the 2002 NABIR PI Conference Arlie VA 

^X.2.2r2"Ixh^^ 

^'Snhvfo/in^a ?n ^ ^ """^ ^-i"^^^; ^ ''"^ ^^ocosms to study the impact of heavy metals resuspended by dredging 

on penphyton m a tropical estuary. Aquatic Toxicology 64:293-306. « ujr uii^ugxuB 

Zengler. KL. G. Toledo. M. Rappe. J. EUdns, E. J. Mathur, J. M. Short, and M. KeUer. 2003. Cultivating the uncultured. PNAS. 
Short, J. M.. and M. KeUer. 2001. U.S. Patent 6,174,673 

Sre'new rnkSit L'latei°''"'°°^' ^^'^""^^P"* '°'=*°<^ microorganisms in very-low-nutrient media yield 

U No references available at this time. 
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Integration Of Real-Time Sensing Technology Into The ISMA Device 

The drawing (file name: sensor_Iayout.jpg) shows the layout for integration of real-time 
sensing technology into the ISMA device. Each of the individual test compartments or 
capillaries is equipped with an orifice (ranging in diameter from 100 to 1000 
micrometers) that can accommodate one or multiple protruding sensor heads or multi- 
parameter sensor heads. Signal transmission is achieved via one of the following 
mechanisms (1) wiring, (2) flexible optical fibers, or (3) another suitable technique 
allowing for transmission of sensing information fi^om each compartment to the exterior 
of the device. As shown in the drawing, individual sensing channels are first running in 
parallel and, on their way to the exterior of the device, form successively larger growing 
arteries or transmission channel bundles. In the drawing, all 96 (and possibly more) 
channels are exiting jointly in a central single location. Other configurations not shown 
here are possible and may be chosen to not exceed bending limits imposed by optical 
fibers of limited flexibility. The latter situation will require multiple openings and 
channels, leading to individual compartments in a straight or curved fashion suitable for 
accommodating more rigid materials. 

Starting And Stopping Reactions Within The Device 

A layout identical or similar to the above channel configuration may also be used to 
inject test chemicals into the device at predetermined times or when desirable conditions 
have been reached as signaled by the integrated sensors. Reactions can be executed as 
follows: first, the valve plates nearest to the effluent container is being translated to allow 
for partial displacement of capillary content; next, chemicals contained in a reservoir or 
concentrated in the transmission channels are delivered into one, multiple or all 
compartment by means of a pressure pulls generated using (1) the integrated pressure 
container (gas driven), (2) an additional pressure container, or (3) another delivery mode 
such as an integrated pump. Following delivery of the test chemical, substance or 
organism, valve plates may stay open for flow-through operation or may be closed for 
batch operation. The orifice leading to the capillary lumen is equipped with a 
miniaturized check valve that allows unidirectional flow during delivery of the injection 
pulse while preventing backflow of liquids into the transmission channels before, during 
and after incubation. This mode of delivery can be exploited to deliver (1) sensitive 
materials that are susceptible to degradation during initial submersion and deployment of 
the device, (2) microorganisms that do not tolerate initial conditions in the device, e.g., 
obligate anaerobic bacteria whose survival and cultivation requires anoxic conditions, (3) 
biological agents that are in a dormant state such as microbial spores (e.g.. Bacillus 
anthracis), and (4) "trigger compounds" that either initiate or end a given process; for 
example, excessive build-up of microorganisms (biofouling) can cause a reduced flow 
rate. Flow sensors sensing the undesirable change will trigger the release of a sodium 
azide solution (or another agent) to the compartment that then will bring ongoing 
reactions to a complete stop. This process will allow one to take a snapshot of chemical, 
biological or physical conditions within the device at discrete time intervals in single, 
multiple, or all compartments. It also can facilitate the delivery of labeled marker 
molecules into the device upon reaching of desired conditions. This latter option is useful 
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when using expensive isotopes and other labels of which only the absolute minimum 
quantity should be used for economical reasons or due to environmental health and safety 
consideration. 

Integrated Control Mechanism Signal 

Transn\ission channels may be configured with triggered or automated feedback loops 
that translate a sensing event into a mechanical maneuver within the device, e.g., closing 
of valve plates or targeted heat sterilization via (1) electrical heating or (2) chemical 
heating via delivery of a reactive compound or a combination of chemicals triggering 
exothermic reactions. 

Wireless Signal Transmission 

For operation in remote or extreme environment, the ISMA device can be equipped with 
a small battery and transmitter (located externally or integrated into the device) to relay 
signals from the device to the surface or a conveniently placed control module. Similarly, 
signal transmission from the control station to the device can be achieved by integrating 
receivers into the device either externally or internally. Power sources may be recharged 
using existing redox gradients or other renewable energy sources. There may be a need 
for signal amplification, which can be accomplished by amplifiers placed along the 
transmission pathway, to maintain signal strength when bridging large distances or 
challenging conditions, such as signaling from deep-sea environments to sea level. 

Materials Compatibility And Design Modifications For Diverse Environments 

Materials used in the manufacturing of system components can vary and will be selected 
based on the desired application in order to withstand chemical, biological, or physical 
stress or a combination thereof For example, for deployment in deep sea environments, 
system components may primarily consist of metals and Teflon-coated metals that can 
withstand extreme pressures and temperatures encountered in hot smokers and thermal 
vents. Similarly, the dimensions of the prototype shown in the drawings may be either 
dramatically increased (structurally reinforced, larger apparatus) to allow for application 
in conditions of extreme pressure, temperature, etc., or may be dramatically decreased 
(micro-electro-mechanical systems; MEMS) to generate nanotechnology devices suitable 
for use in human and animal testing of bodily fluids. In these applications, the device 
may take the form of a flexible pad worn externally. Alternatively, it may be used to 
study the chemistry and biology within living macro-organisms (plants, animals, humans) 
by serving as an implant that may be delivered surgically, be swallowing or another 
delivery mode. 
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INVENTION DESCRIPTION 

Describe the invention completely, using the outline given below. Please provide an electronic copy of the 
invention disclosure document, references, and abstracts in Windows format on CD-ROM or floppy disk if 
possible 



1. Marketing Summaiy [Please provide a non-confidential summary of the invention that can be used for 
marketing purposes. Unique details that are published may also be included.] 

Brief Description: 

^e rapid characterization of microbial cultures is of great importance to many areas of medicine and biotechnology 
Here disclosed is a mass spectrometric method allowing for the rapid identification and phenotypic characterization 
of microorgamsms m cultures grown both in vitro and in situ. It requires minimalmanipulation of samples can be fully 

automated, and provides nearreal-timeinformationon the identity andmetaboliccapacity of micioW^ 
confidence level. 

Potential Commercial Use: 

The microbial monitoring technique could be sold as a license, product and/or service. The technology can be used 
to rapidly obtam information on the identity and phenotype of anonymous microorganisms. It invites applications 
m the foUowmg areas: screening of clinical microorganisms for diagnostic purposes, online monitoring of microbial 
cultures grown on small-, medium-, or large-scale for biotechnological and environmental purposes, risk assessment 
and exposure assessment, protection of the health of civilians and military personnel, and monitoring for 
bioterrorism activities. 

Marketing Goal: 

Johns Hopkins University is seeking licensees for this technology. 
Keywords: 

Microorganism, detection, pathogen, medical diagnostics, bioremediation, bioterrorism. 
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2. Problem Solved [Describe the problem solved by this invention] 



A detection techmque is being disclosed, and has been reduced to practice, allowing for the automated identification 
and phenotypic characterization of environmental and clinical microorganisms at near real-time speed It allows for 
the economical use of MALDI-TOF MS for the identification and phenotypic characterization of microorganisms 
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3 Nov. »y [Identiiy those elements of the invention that are new when compared to the cunent state of the art! 
B.stmg techniques for fl,e identification and biochemical characterization of .^croorganisms ^ ^Zt toe- md 

Z^on""'. —""-ft'^^'y of identifying microorganisms in near real-toe. yiX 
m&imation on both mtcrob.al genotype and phenotype. The assay itoishes information at a toown statistical 
stgrnficance level and is applicable to a broad host of microbial cultures. The technology hinses onXe oSr!^,H 

by microorganisms foUowed by MALDl-TOF MS anty^is'^oS y"^ 
spectro,^',^ "^■ngpepl.de mas s flngen,rinting and peptide sequencing in conjunction ™th mL 

Si^^;^ 

^ to ol^ "taacterization strategy could be sold as alicense. product and/or service. The t«>hnology can be 
u«d to obtam m a one-step process mformation on the identie* and phenotype of clinical and enviromnental 
nucioorgamsms. The technology invites appUcation in the fbUowing area.: scLning of cUnical ZlZ^rr. 
cha^c tenzation of enviromnental microorganisms of hnportance to biotechnology L bioremediatioT p^' 

s:::dnr::z^= -^"""- 
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Keywords - Please circle the categories and keywords that accu rately describe the present invention, 



CHEMICAL 

□ Additives 

□ Alternative Energy 

□ Antioxidants 

□ Batteries 

□ Catalyst 

□ Coal Conversion 

□ Coatings 

□ Effluent Treatment 

□ Elastimers 

□ Electrochemistry 

□ Exhaust Treatment 
Q Foams 

□ Food Chemistry 

□ Fuel Cells 

O Gas Conversion 

□ Gels 

D Monomers' 

□ Oxidation 

□ Petroleum 

□ Photochemistry 

□ Polymers 
CH Remediation 

□ Solvents 

DIAGNOSTIC 

□ Antibody 
IS Assay 

□ Biochip 

□ Contrast Agent 
^ Detection 

□ DNA Probe 

□ Elisa 

□ Imaging 

□ Immunoassay 

□ In Situ 

□ Marker 

□ Measurement 

□ MRI 

□ Point of Use 

□ Radioisotope 

□ Transgenic 

□ Ultrasound 



GENOMICS 

□ Allele 

13 Bioinformatic 

□ cDNA 

CH Epidemiology 

□ EST 

□ Gene 

□ Homologue 
D Isogene 

O Library 
O Mutation 

□ Pharmacogenomics 

□ Polymorphism 

□ Positional Cloning 
^ Proteomics 

□ Receptor 

□ RNA 

□ Target Validation 

MEDICAL DEVICE 

O Delivery 

□ Diagnosis 

□ Imaging 

□ Measurement 

□ Optical 

□ Safety 

□ Surgical 

□ Treatment 

RESEARCH TOOL 

O Animal Model 
(m Antibody 

□ Cell Line 

□ Culture 

O Directed Evolution 

□ DNA Probe 

□ DNA/RNA Sequencing 

□ DNA/RNA Synthesis 

□ Electrophoresis 

□ Elisa 

□ Enzyme 

□ Equipment 

□ Expression System 



□ Immunoassay 

□ Label 

□ PCR 

H Protein Sequencing 

□ Protein Synthesis 

□ Reagent 

□ Spectroscopy 
Q Tissue Culture 

□ Vector 

SCREENING 

^ Assay 
Biochip 

Combinatorial Biology 
Combinatorial Chemistry 
Detection 
HTS 

Phage Display 
Screen 
Target 

THERAPEUTIC 

□ Analgesic 
C] Anesthetic 

□ Angiogenesis 

□ Antibiotic 

□ Antibody 

□ Antifungal 

□ Antiinflammatory 

□ Antisense 
[D Antiviral 

□ Apoptosis 

□ Cell Signaling 

□ Cell Therapy 
O Disease Model 

□ Drug Delivery 

□ Drug Design 

□ Fertility 

O Gene Therapy 
O Hormone 

□ Immunotherapy 
D Natural Product 

□ Peptides 



□ Pro-drug 

□ Proteins 

□ Small Molecule 

O Tissue Engineering 
D Transplant 

□ Vaccine 

□ Virus 

□ Wound Healing 
DISEASES 

□ Aging 

□ Blood 

□ Cancer 

□ Cardiovascular 
D Dermatologic 
G Endocrine 

□ Gastrointestinal 
D Genitourinary 

□ Hepatic 
CD Immune 
IS Infectious 

□ Metabolic 

□ Musculoskeletal 
Q Neurological 

□ ObGyn 

□ Ophthalmological 

□ Oral 

Q Pediatric 

□ Psychiatric 

□ Respiratory 
ADDITIONAL KEY WORDS: 



STAGE OF 
DEVELOPMENT 

□ Unspecified 

□ Discovery 

□ Preclinical 

□ Prototype 

□ Phase I 

□ Phase II 

□ Phase III 

□ NCE 
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7. Detailed Description of the invention - On a separate page(s), attach a detailed description of how to make 
and use the invention. The description must contain sufficient detail so that one skilled in the same discipline 
could reproduce the invention. Include the following as necessary: 

1- data pertaining to the invention; 4- procedural steps if a process; 

2- drawings or photographs illustrating the invention; 5- a description of any prototype or working model; 

3- structural formulae if a chemical; 

In general, a manuscript that has been prepared for submission to a journal will satisfy this requirement. 

See the attached manuscript, submitted on September 1 1 , 2004, to Applied and Environmental Microbiology for 
review and publication. The paper is authored by Rolf U. Halden (corresponding author), David R. Colquhoun, 
and E.S. Wisniewski and titled: "Identification and Phenotypic Characterization of Sphingomonas wittichii Strain 
RWl by Peptide Mass Fingerprinting using Matrix-assisted Laser Desorption/Ionization Time of Flight Mass 
Spectrometry." 



8. Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a compound, describe substitutions, breadth of 
substituents, derivatives, salts etc., if DNA or other biological material, describe modifications that are expected 
to be operable, if a machine or device, describe operational parameters of the device or a component thereof, 
including alternative structures for performing the various functions of the machine or device] 

The disclosed method has a broad workable extent. The detection technique may be applied for environmental and 
medical monitoring of microorganisms grown in vitro or in situ. Large volume high-throughput analysis of 
environmental isolates may be accomplished by using the described technique in conjunction with microcosm 
arrays for the characterization of cells grown in situ and in vitro. The method may also be integrated in a 
monitoring device allowing for environmental sampling and analysis of microorganisms in the field using portable 
mass spectrometers. 
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22 ABSTRACT 

23 

24 Mass spectrometry is a potentially attractive means of monitoring the survival and efficacy of 

25 bioaugmentation agents such as the dioxin-mineralizing bacterium Sphingomonas wittichii 

26 Strain RW1 . The biotransformation activity of RW1 phenotypes is determined primarily by 

27 the presence and concentration of the dioxin dioxygenase, a chromosome-encoded enzyme 

28 initiating the degradation of both dioxin and dibenzofuran (DF). We explored the possibility 

29 of identifying and characterizing putative cultures of RW1 by peptide mass fingerprinting 

30 (PMF) targeting this characteristic phenotypic biomarl<er. The proteome from cells of 

31 RW1— grown on various media in the presence and absence of DF—was partially purified, 

32 tryptically digested, and analyzed using matrix-assisted laser desorption/ionization time of 

33 flight mass spectrometry (MALDI-TOF MS). Mascot online database queries allowed for 

34 statistically significant identification of RW1 in disrupted, digested ceils (p<0.01— 0.05) and 

35 in digested whole cell extracts (p<0.00001— 0.05) containing hundreds of proteins, as 

36 determined by two-dimensional gel electrophoresis. Up to 14 peptide ions of the alpha- 

37 subunit of the dioxin dioxygenase (43% protein coverage) were detected in individual 

38 samples. A minimum of 10^ DF-grown cells was required to identify dioxin degradation- 

39 enabled phenotypes. The technique hinges on the detection of multiple characteristic 

40 peptides of a biomarker that can reveal at once the identity and phenotypic properties of the 

41 microbial host expressing the protein. Results demonstrate the power of PMF of minimally 

42 processed microbial cultures and colonies as a rapid (<1 h), sensitive, and specific 

43 technique for the positive identification and phenotypic characterization of microorganisms 

44 used in biotechnology and bioremediatlon. 
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INTRODUCTION 

The Gram-negative bacterium Sphingomonas iv/Wc/j//' Strain RW1 is of considerable Interest 
to the field of bioremediation (12, 14) because of its unique ability to mineralize 
dibenzofuran (DF) and dibenzo-p-dioxin (41), and to biotransform a number of chlorinated 
diary! ethers (19, 41). Reactions are initiated by the dioxin dioxygenase (1, 5), a key enzyme 
whose relaxed substrate range invites the application of dioxin dioxygenase-harboring 
bacteria as bioaugmentation agents facilitating the accelerated in situ bioremediation of 
dioxin contaminated environments (14, 40). 

Compared to other environmental pollutants, dioxins are particularly difficult to bioremediate 
(14, 15). Among the various reasons for this are (/) the need for degradative enzymes 
having broad substrate ranges for turnover of multiple congeners of the large dioxin family 
consisting of 75 chlorinated dioxins and 135 chlorinated dibenzofurans (14), (//) high 
mammalian toxicity of dioxins necessitating very low treatment goals, particulariy for 
dibenzo-p-dioxins and DFs carrying chlorine substituents in the lateral 2,3,7,8-positions 
(reviewed in (14)), {Hi) limited bioavailability of dioxins due to their strong sorption to soil and 
sediment (15, 42), and (/V) the pronounced recalcitrance of dioxins to attack by both aerobic 
and anaerobic microorganisms indigenous to contaminated soils and sediments (reviewed 
in (14)). 

Despite these formidable obstacles, a small number of studies have demonstrated the 
feasibility of removing dioxins from contaminated environments by in situ bioremediation 
(12, 14, 15). Feasibility studies conducted in the laboratory and in the field demonstrated 
that for in situ treatment to be successful, the introduction of non-native microorganisms with 
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dioxin degradation potential is critical. For example, removal of dibenzofuran, dibenzo-p- 
dioxin and 2-chlorodibenzo-p-dioxin from soli microcosms was observed only following the 
addition of a minimum of 4 x 10® CFU of Strain RW1 per gram dry weight soil (g dw soil) 
(15). Introduction of larger quantities of cells (10® CFU/g dw soil) resulted in complete 
biotransformation of nonsubstitued diaryl ethers and in a reduction by 50% of 2- 
chlorodibenzo-p-dioxin, present in soils at an initial concentration of 10 ppm (16). 

Successful bioaugmentation strategies employing bacteria harboring the dioxin dioxygenase 
will require monitoring of both bacterial survival and expression of the genes coding for the 
biodegradative function. Commonly employed genotypic analyses, such as targeted 
amplification of either 16S rDNA or functional gene sequences are highly sensitive and 
specific but do not inform on biotransformation activity. Similarly, the use of monoclonal 
antibodies in conjunction with epifluorescence microscopy can reveal the presence of Strain 
RW1 (37) and other specific bacteria in environmental samples but typically fails to yield any 
additional information on the biodegradative activity of the detected microorganism. Analysis 
of mRNA can suggest— but does not confirm— the presence of a functional enzyme of 
interest. Therefore, short of directly assaying the biochemical activity of cells, the detection 
of pollutant-transforming enzymes is the most definitive technique for confirming the 
presence of catalysis-enabled phenotypes of pollutant-degrading microorganisms. 

We explored the use of peptide mass fingerprinting (PMF) (21 , 32, 33) using vacuum matrix- 
assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) for 
monitoring the dioxin dioxygenase as a biomarker of phenotypes of RW1 that are 
physiologically apt to biotransform dioxin-related compounds. The mass spectrometric 
target of our investigation was the dioxin dioxygenase of Sphingomonas wittichii Strain 
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95 RW1 , a heteromer consisting of two alpha- and two beta-subunits (NCBI accession 

96 numbers gi|3426122 and gi|3426121, respectively) (1). We liypothesized that the enzyme 

97 complex would represent an excellent target for mass spectrometric analysis because (/) it 

98 has been thoroughly characterized (1,5), (//) its two protein subunits are contained in 

99 searchable online databases (e.g., NCBI), (///) the respective DNA sequences have only 

100 weak similarity (40%) to other three-component dioxygenases (1), (/V) the genes are 

101 immobile and fairly stable due to their localization on the bacterial chromosome (1) rather 

102 than on plasmids that can easily be transfen-ed or lost, (v) it is Indicative of dioxin 

103 degradation activity (1), and, last not least, (w) It is unique to the dioxin-degrading organism 

104 of interest. Strain RW1 . 
105 

106 Specific aims of our study were (/) to identify a predetermined strain-specific proteinaceous 

107 biomarkers, the dioxin dioxygenase, in minimally processed microbial pure cultures of RW1 

108 by PMF using vacuum MALDI-TOF MS, (//) to determine the minimal number of cells 

1 09 required for statistically significant (p<0.05) identification of putative cultures of the 

1 10 bioremediation agent, and (///) to determine the effect of different sample preparation 

1 1 1 techniques and growth substrates on the detectability of the dioxin-degrading bacterium. 
112 

113 MATERIALS AND METHODS 

114 

115 Culturing of Strain RW1 . Liquid cultures of Sphingomonas wittichii strain RW1 (DSMZ 

1 16 6014) were grown at SO'C In a water bath shaker in M9 phosphate-buffered minimal 

1 17 medium (36) supplemented with (/) dibenzofuran (DF) crystals (Sigma-Aldrich; Milwaukee, 

118 Wl), (/■/) 50 mM glucose, or (///) both. Saturated DF medium contained approximately 3-5 mg 

119 of the binuclear aromatic compound in the dissolved phase. Turbidity of the cultures was 

177 



120 monitored using a DR/4000U spectropliotometer (Hach. Loveland, CO) at a wavelength of 

121 560 nm. Viable bacteria were enumerated by plate counts using M9 medium supplemented 

122 with 1 .5% agar (Difco, Franklin Lakes, NJ) and 5 mM sodium benzoate. Negative control 

123 samples composed of cells of RW1 lacking the dioxin dioxygenase were obtained via 

124 growth of the bacterium on non-selective Luria Bertani broth, a complex medium that 

125 represses dioxygenase expression (5). 
126 

127 Microorganrsms serving as negative controls. More than 20 different Proteobacteria 

128 served as negative controls throughout this study. Most of these represented poorly 

129 characterized environmental monocultures and mixed cultures that had been obtained via 

130 selective enrichment using dioxin-like compounds as sole sources of carbon and energy. 

1 3 1 Pseudomonas putida KT2440 (DSMZ 61 25) was the only negative control strain for which 

132 the complete genome was available in searchable online databases. All cultures were 

133 grown in selective conditions on aromatic substrates to maximize the expression of 

134 aromatic-ring dioxygenases. 
135 

136 Sample preparation. Four different types of cell preparations were fumished for MALDI- 

137 TOF MS. Cells growing in the early, mid and late exponential phase were harvested by 

138 centrifugation (3,000 x g, 30 minutes, 4''C), washed, and resuspended in 50 mM NH4HCO3 

139 (Fraction 1; undisrupted cells). Biomass was disrupted on ice using a Sonic Dismembrator 

140 (Fisher Scientific, Pittsburgh, PA) on low setting for three bursts of 10 s, with cooling periods 

141 of 30 s between bursts, yielding Fraction 2 (dismpted cells). Sonicated cell suspensions 

142 were centrifuged (13,500 x g, 5 minutes, 4°C) to separate the supernatant of the crude cell 

143 extract (Fraction 3; whole cell extract) from the pellet (Fraction 4) consisting primarily of cell 

144 debris and undisrupted whole cells. For experiments involving 2-dimensional gel 
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electrophoresis, whole cell extracts were divided into two equal volumes (sample splits) to 
allow for additional analysis by MALDI-TOF MS; reported CFU in the sample are corrected 
for the loss of biomass resulting from splitting of the samples. 

In silico digestion. Peptides resulting from tryptic digestion of the alpha- and beta-subunits 
of the dioxin dioxygenase were predicted from sequences deposited in the NCBI database 
(http://www.ncbi.nih.gov/) using MS-Digest (http://DrosDector.ucsf.edu/ ). The in silico digests 
were performed using trypsin and disallowing missed cleavages or post-translational 
modifications. Cysteines were presumed to be unmodified; as were the N- and C-termini of 
the peptides. The mass range was specified as 500 — 5,000 Da; multiply charged ions were 
not considered. 

MALDI-TOF MS analysis. Samples (25 ul) were digested with 200 ng trypsin in 50 mlVl 
NH4HCO3 at 37°C overnight, vacuum-dried in a Savant SVC100 Speed Vac (GMI, 
Albertville, MN), desalted using C18 Omix microextraction column tips (Varian, Palo Alto, 
CA) and mixed with matrix solution (~1.5 ul) consisting of 10 mg ml'^ of alpha-cyano-4- 
hydroxy-cinnamic acid (CHCA) in 50% acetonitrile and 0.1% trifluoroacetic acid (TFA). A 
stainless steel 96-well MALDI target plate (Applied Biosystems, Foster City, CA) was 
spotted with approximately 1 ul of the sample/matrix solution, which was then air-dried. 
Spectra were acquired using a Voyager DE-STR MALDI-TOF MS (Applied Biosystems, 
Foster City, CA) in positive reflector mode {mAi 500-5000; 50 laser shots per spectrum). 
Initial external calibration was performed using a standard peptide mixture (human 
bradyklnin fragment 1-7, 757.3997 Da; human adrenocorticotropic hormone fragment 18-39, 
2465.1989 Da; bovine insulin chain B, oxidized, 3494.6513 Da) purchased from Sigma (St. 
Louis, MO). Additional internal calibration was carried out as described below. 
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Mass spectral data analysis. Mass spectral data were analyzed and manipulated using 
Data Explorer software (Applied Biosystems, Foster City, CA). Spectra were deisotoped 
using the manufacturer's settings. Internal calibration was carried out using trypsin autolysis 
peaks. Acquired data were analyzed by comparison to in silico information contained in the 
NCBI databases (http://www.ncbi.nih.qov) using PMF. The 300 most intense peaks were 
searched against the NCBI taxonomy subset "All Bacteria" (753,000-i- sequences) at a mass 
tolerance of 50-100 ppm. Additional search parameters included disallowing for missed 
cleavages and either fixed or variable post-translational modifications. Probability scores for 
positive identification were determined using the statistical algorithm in the program 
described elsewhere (33). 

Peptide sequencing. Protein identifications obtained by PMF were confirmed in selected 
samples via sequencing of the target mass at m/z 3036.3 using an ion trap mass 
spectrometer (LCQ Deca XP; Thermo Electron Corporation, MA) in conjunction with an 
atmospheric pressure MALDI source (Mass Tech Inc., MD). Presence of the aipha-subunit 
of the dioxin dioxygenase was confirmed by submission of detected fragment ions to the 
Sequest database. 

Two-dimensional gel analysis. Cultures were dried by vacuum centrifugation and assayed 
for protein content by the bicinchoninic acid (BCA) method using a commercial protein 
analysis kit per manufacturer's instructions (Pierce Biotech, Rockford, IL). Fifty micrograms 
of protein was reconstituted using 8 M urea/CHAPS (cholamidopropyl-dimethylammonio-1- 
propane-sulfonate)/45 mM Tris-HCI, Samples for two-dimensional (2D) gel electrophoresis 
were separated in the first dimension on immobilized pH gradient (IPG) strips at 50 V for 10 
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hours in an IPGphor isoelectric focusing system (Amersliam Biosciences, Sunnyvale, CA). 
The IPG strips were equilibrated and proteins were separated by molecular mass In the 
second dimension by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) gels (4-12% NuPAGE TrisBis; Invitrogen, Carlsbad, OA). The resultant 2- 
dimensional gel was silver stained using standard protocols (Shevchenko et al, 1996) and 
analyzed using Melanle 4.0 viewer software (http://us.expasv.ora/melanle/^ to obtain an 
unbiased estimate of the number of spots present on the gel. Since the visual dynamic 
range of gels is limited to about two orders of magnitude In concentration, obtained 
estimates of the total number of proteins were considered as being very conservative. 

Safety considerations. Caution should be exercised when handling highly concentrated 
trifluoroacetic acid (TFA), a corrosive chemical that can cause severe skin burns. 



In silica analyses. Theoretical {in silico) digestions were performed to construct peptide 
maps of the large (alpha-) and small (beta-) subunits of the dioxin dioxygenase (Tables 1 
and 2, respectively). The porcine protease used in this study, trypsin (E.C.3.4.21.4), cleaves 
proteins after the amino acids lysine and arginine, unless these are followed by a proline. 
Digestion yielded Individual amino acids and peptides, the latter ranging in length from 
2—35 amino acids. Summarized in Tables 1 and 2 are protein fragments of the alpha- and 
beta-subunits of the dioxin dioxygenase, the corresponding ions predicted to form during 
MALDI, and their individual contributions to the relative coverage of the two proteins, 
reported in percent. For the alpha-subunit, there were 31 predicted potential MS targets in 
the experimentally defined detection range (mass-to-charge ratios of m/z 500—5,000), 
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covering 94% of the amino acids of the total protein. The remaining 6% of the protein mass 
was composed of peptides situated outside of the detectable range (m/z <500). The beta- 
subunit was calculated to yield a maximum of 15 detectable tryptic peptides, suggesting a 
maximum theoretical protein coverage of 84% (Table 2). 

Screening of various fractions of RW1 ceils for the dioxin dioxygenase. Initial 
experiments concentrated on the feasibility of detecting the dioxin dioxygenase in four 
different fractions of processed cell cultures (see Figure 1). Proteins contained in the various 
cell fractions were digested, purified and desalted via passage through a pipet tip 
functioning as a Cis-microextraction column. Purified digests were mixed with matrix, and 
analyzed by PMF using MALDI-TOF MS as shown in the schematic (Figure 1). Investigated 
cell fractions included undisrupted cells (Fraction 1), cells disrupted by sonication (Fraction 

2) , whole cell extracts representing the supernatant of disrupted, centrifuged cells (Fraction 

3) , and the con-esponding pellet consisting of cell debris and residual whole cells (Fraction 

4) . Since the optimal amount of biomass for the assay was not known a priori, experiments 
were performed using a range of initial cell quantities (10Mo® cells). 

Fraction 1. Analysis by peptide mass fingerprinting of a digest of 10^ undisrupted cells of 
RW1 yielded the deisotoped mass spectrum shown in Figure 2A. Ten target peaks rose 
above the baseline noise: m/z 685.4, 951.5, 1,234.6, 1,393.7, 1,541.8, 1,847.8, 2,005.0, 
2,194.0, 2,222.1, and 3,036.3. A list of 300 ions having the greatest signal intensities was 
generated and submitted to online protein databases representing the kingdom of Bacteria. 
The data query returned the alpha-subunit of the dioxin dioxygenase as the best fit among 
753,000+ proteins. The resultant Mascot score of 52 indicated that the search result was not 
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244 Statistically significant (p>0. 1 ), however. Overall, the 1 0 target peptides provided 31 % 

245 protein coverage (Table 3). 
246 

247 Fraction 2. Analysis of a digest of 1 0^ disrupted cells of RW1 produced the spectrum shown 

248 in Figure 2B. Nine target peptides of the alpha-subunit of the dioxin dioxygenase were 

249 detected. Compared to Fraction 1 , the mass at m/z 951 .5 was missing and an increase in 

250 the level of noise was observed in the range from m/z 1 ,000—3,200. Again, database 

251 searching returned the alpha-subunit of the dioxin dioxygenase as the best match, with a 

252 statistically significant (p<0.05) Mascot score of 69. Protein coverage was 32%. 
253 

254 Fraction 3. Analysis of supernatant obtained by centrifugation of 10^ disnjpted cells of RW1 

255 yielded the best result. A typical mass spectrum recorded for the experimentally defined 

256 whole cell extract is shown in Figure 2C. The spectrum had a very low level of noise across 

257 the entire range of interest. Major detectable ions were clustered between 500 and 

258 3,200. In the spectrum shown, four of the eight most intense peaks— detected at m/z 

259 1 ,393.7 (1 00% relative intensity), 586.3 (22%), 2,222. 1 (17%), and 962.5 (1 5%)— matched 

260 in silica values calculated for peptides of the alpha-subunit of the dioxin dioxygenase (Table 

261 1); the second intense ion at m/z 842.5 corresponded to a trypsin autolysis product that was 

262 used as an internal standard for mass calibration. A total of 13 target peaks were detected, 

263 resulting in confident protein identification (p<0.00001) by Mascot searching, with a score of 

264 1 05 and a protein coverage of 34%. Target ions detected at lesser intensities included m/z 

265 685.4 (13% relative intensity), 919.4 (7%). 951.5 (13%), 1,234.6 (9%), 1,541.8 (8%), 

266 2,005.0 (10%). 2,194.0 (11%) and 3,036.3 (4%). The ease of detection of the alpha-subunit 

267 in whole cell extract is consistent with previous reports that localized dioxin dioxygenase 

268 activity to the soluble proteome of extracts from cells grown on DF (1 , 5, 12). 

n 



269 

270 Fraction 4. Analysis of digested pellets obtained by centrifugation of disrupted cells yielded 

271 noisy mass spectra (e.g., Figure 2D) that did not show any target m/z regardless of the 

272 amount of blomass processed (Table 3). This finding was consistent with literature 

273 indicating cell pellets to be depleted in dioxin dioxygenase activity relative to whole cell 

274 extracts of RW1 (Fraction 3) (1 , 5, 12). Overall, the results demonstrated that the dioxin 

275 dioxygenase is most easily detectable by PMF in digested whole cell extract. Therefore, the 

276 sensitivity of PMF analysis was further investigated in the latter matrix. 
277 

278 Sensitivity analyses and robustness of the assay. To determine the blomass range 

279 suitable for positive identification of Strain RW1 via PMF of the alpha-subunit of the dioxin 

280 dioxygenase, whole cell extracts of 10M0^° DF-grown CFU were analyzed following 

281 digestion with a standard amount of 200 ng of trypsin. Positive protein Identification with 

282 significant probability-based Mascot scores of >68 (p<0.05) were obtained consistently 

283 when >10^ cells were processed and analyzed. Analysis of extracts obtained from 10^ and 

284 10^ DF-grown cells yielded Mascot scores ranging from 73 to 105 (p<0.0 1—0.00001) and 

285 84 to 1 1 1 (p<0.001— 0.00001 ), respectively (Table 4); in these experiments, the number of 

286 matched peptide masses ranged from 10 to 13 and 12 to 14, respectively, with protein 

287 coverages for the alpha-subunit of the dioxin dioxygenase ranging from 31—34% (1 0^ CFU) 

288 and from 37-43% (1 0^ CFU). Analysis of ^10® CFU yielded no target ions and no 

289 significant matches for either the two target proteins or any of the more than 753,000 

290 proteins contained in the non-redundant NCBI database at the time of data analysis. 

291 Similarly, no database matches were found in experiments using alO^ CFU (Table 4). A 

292 total of 15 different peptide masses, corresponding to the alpha-subunit of the dioxin 

293 dioxygenase, were detected in more than 100 experiments conducted with blomass 
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harvested in the early, mid and late exponential growth phase (total protein coverage of 
45%; Table 1). In contrast, none of these target peptides were found and no positive 
identifications of the dioxin dioxygenase were obtained during analysis of the more than 20 
negative control strains that represented a broad spectrum of microorganisms capable of 
catabolizing dioxin-related aromatic compounds. 

Results of repeatedly performed experiments were very consistent. The following variables 
had no detectable effect on the outcome of the experiment (data not shown): substituting 
alpha-cyano-4-hydroxy-cinnamic acid (CHCA) for 3,5-dihydroxybenzoic acid (DHB) as the 
ionization matrix, type of Cis-microextraction column used (n=2), and identity of the operator 
(n=3). However, when cells were harvested late into the exponential growth phase 
(deceleration phase), a slight drop in Mascot scores was observed (Table 4). 

Interestingly, the beta-subunit of the dioxin dioxygenase was never identified by database 
searching in any of these experiments. This is surprising because the observed removal of 
DF during growth of RW1 cultures indicated the presence of this essential protein at 
quantities equimolar to those of the alpha-subunit (1). Although some target ions of the 
beta-subunit were present, as determined by manual identification, the signal intensities of 
these peptide masses at m/z 563.4 (1% relative intensity), 607.3 (2%), 693.3 (4%), 832.5 
(8%), 848.5 (10%), 1 ,077.6 (6%) typically were at or near the baseline noise level. Following 
spectral processing and data reduction using a peak threshold of approximately 5 — 10% 
relative intensity, these ions mostiy were rejected and did not enter into the online database 
query; this effectively prevented a potential identification of the beta-subunit when using the 
online search algorithm. 
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Effect of growth substrate on strain identification. Cultures of RW1 , grown in 
phosphate-buffered mineral salt solution supplemented with the growth substrates (A) DF, 
(B) DF plus glucose, and (C) glucose only, were processed and analyzed by MALDI-TOF 
MS and 2D gel electrophoresis. The alpha-subunit of the dioxin dioxygenase — i.e., the 
previously established biomarker of dioxin degradation-enabled cells of RW1 — ^was 
identified readily in the digested soluble proteome of DF-grown cells, with scores as high as 
111, indicating a very low probability of false-positive misidentification (p<0.00001; Table 4). 
Detection of up to 14 target peptides in whole cell extracts of 10® CFU resulted in a protein 
coverage of 43%, the best result achieved (Table 4). Again, the ions con^esponding to 
peptides of the alpha-subunit were among the most prominent in the mass spectra {e.g., 
Figure 3A). 

The alpha-subunit of the dioxin dioxygenase also was returned as the best database match 
when analyzing glucose-grown cells of RW1 that were co-exposed to DF for enhanced 
expression of the dioxin dioxygenase (Figure SB); however, the corresponding score was 
not significant (p>0.05), necessitating peptide sequencing for unambiguous protein 
Identification. Compared to DF-grown cells (Figure 3A), the signal intensity of target peaks 
was lower in glucose-grown biomass co-exposed to DF (Figure 3B). No target peaks were 
detected when analyzing biomass grown on glucose in the absence of DF, and no 
significant matches were found for any of the 753,000+ proteins contained in the non- 
redundant NCBI database (Figure 3C; Table 4). Analysis of cells grown using non-selective 
complex media, e.g., Luria Bertani broth (34), also revealed no ions of interest in the mass 
spectra recorded (data not shown). Lack of detection of the alpha-subunit subunit in LB- 
grown cells was consistent with literature information indicating repressed dioxin 
dioxygenase expression during growth of RW1 on complex media (1). 
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2D gel electrophoresis. To characterize the level of matrix complexity in whole cell 
extracts, the soluble proteome of RW1 was separated by two-dimensional gel 
electrophoresis using isoelectric focusing in the first dimension and size-dependent 
electrophoretic mobility in the second dimension (SDS-PAGE). Figures 4 shows a silver- 
stained 2D gel of an extract of RW1 cells grown on DF. Digital image analysis of the gel 
revealed the presence of a minimum of 350 different proteins. Analysis of 2D gels of 
extracts from cells grown on glucose and glucose supplemented with DF yielded similar 
results (data not shown). It is important to note that the 2D sample separation was done 
exclusively for the purpose of investigating the complexity of the sample matrix. More 
commonly, this technique is employed as a cleanup procedure in preparation for protein 
analysis by PMF (23). However, this labor-intensive separation of proteins followed by in-gel 
digestion of selected protein spots was unnecessary in this study because the alpha-subunit 
of the dioxin dioxygenase was detected successfully with great confidence 
(p<0.00001 — 0.01) in whole cell extracts of DF-grown cells by PMF — a result that was 
successfully confirmed by an additional assay involving sequencing of the target peptide at 
m/z 3036.3 using an ion trap mass spectrometer equipped with an atmospheric pressure 
MALDI source. 

DISCUSSION 

Mass spectrometric identification of microorganisms. Mass spectrometry has been 
used extensively in the past for the identification of microbial pure cultures at the genus, 
species and strain level (reviewed in (10, 27, 38)). The most common approach is the 
MALDI MS analysis of matrix-embedded intact or disrupted vegetative cells (22), spores 




369 (35) or cysts (28) in linear detector mode in the range of m/z 5,000—30,000, yielding mass 

370 spectral "barcodes" for the microorganisms of interest. This technique can serve to identify 

371 microbial species and strains with the important prerequisite that— in order to interpret the 

372 data— standard spectra are available which were obtained from authentic cultures grown, 

373 harvested and processed under highly standardized conditions identical to those used for 

374 unknown samples (10). The technique is ultra fast (<5 min) but limited in its informational 

375 value because the chemistry and function of the ion-producing molecules remains unknown 

376 throughout the process. Successful applications of mass spectral fingerprinting by MALDI- 

377 TOF MS include the automated bacterial identification of various Firmicutes and 

378 Proteobacteria (22), rapid characterization of spores of the Bacillus cereus group (35), and 

379 differentiation of oocysts of Cryptosporidium parvum and C. maris (28). 
380 

381 To overcome some of the limitations associated with traditional mass spectral fingerprinting 

382 of whole cells and cell lysate, additional research has concentrated on the targeted 

383 detection of strain-specific cell components whose corresponding ions are predictable from 

384 DNA sequence information. One strategy Is the analysis of cell preparations by MALDI-TOF 

385 MS in linear detector mode to scan for ions of intact proteins; good targets are for example 

386 ribosomal proteins because they are abundant in vegetative cells regardless of culturing 

387 conditions (~20% of protein content), and sufficiently unique to allow for confident 

388 identification (2). This technique represents a significant improvement over conventional 

389 microbial fingerprinting but it is not without limitations. Since MALDI is a soft ionization 

390 technique, it leaves target molecules unfragmented and produces predominantiy singly- 

391 charged (MH"^) ions (18, 24). Detection of an intact protein in linear mode typically yields a 

392 single ion on which the identification has to be based. In the mass range of m/z <30,000, 

393 experimentally determined molecular masses have a mass accuracy of ±1 Da or better. 

I GO 



394 
395 
396 
397 
398 
399 
400 
401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
418 



Since proteins possessing (nearly) identical molecular masses can differ dramatically in 
structure and function, protein identifications obtained by a single ion are often tentative 
only. To achieve statistically significant results, mass spectral analysis of target proteins in 
linear mode necessitates the use of customized databases containing a limited number of 
proteins having distinct masses (8). For environmental applications where the identity of 
bacterial isolates is completely unknown, searching against small databases likely is both 
inappropriate and uninformative. 

An alternative strategy for the targeted analysis of proteinaceous biomarkers is the use of 
PMF, as demonstrated in the present study. It involves the digestion of partially purified cell 
components followed by mass spectrometric analysis in positive (or negative) reflector 
mode, typically in the mass range of m/z 500 — 5,000. In contrast to mass spectral microbial 
fingerprinting, PMF is more powerful because specific target proteins can be selected a 
priori and their corresponding ions (peptide masses) can be predicted //? siiico as shown by 
the theoretical mass lists presented in Tables 1 and 2. Identification is based on the 
detection of multiple fi'agments of a given protein rather than on a single molecular ion. 
Therefore, protein matches by PMF have a quantifiable confidence level and often are 
statistically highly significant even when searching non-restricted, complex databases 
containing hundreds of thousands of proteins (see Table 4). The identity of detected 
proteins can be ascertained without having to obtain and analyze authentic protein 
standards, an important advantage when attempting to identify environmental isolates 
whose proteins have never been purified. Since the function of the detected biomarker 
either is known or can be inferred, PMF of microbial cells can reveal critical information on 
biomass physiology that otherwise would be difficult or impossible to obtain, e.g., the 
detection of post.translational modifications (30). 
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The few studies performed to date suggest that successful use of PMF for bacterial 
identification requires extensive sample preparation steps to separate prior to mass 
spectrometric analysis the proteins and peptides of interest from non-target interferences (7, 
29, 31). Commonly applied tools used for this purpose include one- or two-dimensional gel 
electrophoresis (29, 31), one- or two-dimensional chromatography (20), affinity 
chromatography (9), and retentate chromatography using protein chips in conjunction with 
surface-enhanced laser desorption/ionizatlon (SELDI) TOF MS (3), to name just a few. Even 
when performed on a routine basis in high-throughput mode, these sample preparation 
steps can be time-consuming, labor-intensive, and expensive. 

Due to these real or perceived constraints, PMF currently is not considered a suitable, rapid 
and cost-effective tool for the identification and characterization of environmental isolates. 
The present study challenged this view by employing PMF on minimally processed microbial 
cells. Experimental results of the present study revealed the value and power of this non- 
traditional usage of PMF by MALDI-TOF MS for the identification and phenotypic 
characterization of environmental microorganisms. 

The alpha^ubunit as a biomarker for dioxin-degradation enabled phenotypes of RW1. 

The dioxin dioxygenase is the preferred biomarker for dioxin-degradation enabled 
phenotypes of RW1 because the protein complex is essential for turnover of dioxin-related 
substrates (1, 5). Fortunately, the dioxygenase fulfilled the basic requirements of PMF: its 
corresponding DNA sequence information was known and contained in searchable online 
databases. Localization of the relevant genes on a single open reading frame, situated 
within the bacterial chromosome (1), provided an additional incentive to target this catabolic 
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enzyme, since chromosomal genes generally are more stably expressed and less 
frequently transferred between species and genera than are plasmid-encoded genes (16). 

For PMF of complex protein mixtures to be successful, the target protein must be present in 
detectable quantities, and approximately five or more peptides must have ionization 
behaviors superior to those of competing peptides that are present in the sample at similar 
or greater concentrations. Our experimental results demonstrate that only one of the two 
subunits of the dioxin dioxygenase fulfills this requirement. Theoretically, both subunits of 
the protein complex represent viable targets for mass spectrometry by offering 15 or more 
peptides each within the experimental m/z range (T ables 1 and 2). However, recorded mass 
spectra were dominated by peptide ions of the alpha-subunit (Figures 2 and 3), whereas 
those of the beta-subunit were weak or not detected at all. 

Thie dichonomy of these results illustrates a yet unsolved challenge in MALDI MS analysis: 
the difficulty of predicting with confidence the ionization behavior of peptides (11). As stated 
previously, the genes tixnAI and dxn/\2 encoding the alpha- and beta-subunits of the dioxin 
dioxygenase protein complex, respectively, are contained on a single transcriptional unit (1). 
Consequently, both proteins were present in approximately equimolar quantities in whole 
cells. The sample preparation strategy used is known to concentrate both components of 
the dioxin dioxygenase complex in whole cell extract (1, 5, 12). Experimental results of 
MALDI-TOF MS analysis showed that peptides of the alpha-subunit (Mr ~49 kDa; pi ~5.8) 
have much more favorable ionization properties than those of the beta-subunit (Mr --22 kDa; 
pi ~7.9). In addition, these peptides also dominated over anticipated ones corresponding to 
the 29 mostly hypothetical proteins that are listed for RW1 in the non-redundant NCBI 
database (none of these were found by online database searches in any of the 
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experiments). Furthermore, the thousands of tryptic peptides anticipated to result from 
digestion of the 350+ unidentified proteins contained in whole cell extract (Figure 4) also 
could have interfered with the ionization and detection of the alpha-subunit. This was not the 
case, however. It is remarkable that the alpha-subunit could be identified by database 
searching in minimally processed samples of such great complexity without the need for 
peptide sequencing. 

The favorable ionization behavior of the alpha-subunit was not predictable in silico. Arginine 
and a number of hydrophobic residues are known to increase the ionization of peptides, 
whereas lysine suppresses it (4, 1 1, 26). The frequency of these signal-modulating residues 
in peptides of the alpha- and beta-subunit was analyzed (data not shown) but could not fully 
explain experimental findings. This underscores the observation by others (4, 11, 26) that 
the prediction of peptide ionization is a challenging task, with currently available models 
delivering only rudimentary and imprecise results. Since the ionization behavior of peptides 
from pure proteins already is challenging, peptide ionization in complex protein mixtures is 
unpredictable and requires an empirical approach. 

Cell fractions suitable for biomarker detection. The alpha-subunit of the dioxygenase 
was one of the most prominent components detectable by PMF within the entire bacterial 
proteome: many target peaks were significantly more intense than observed non-target 
peaks (Figure 2). However, the noticeable increase in noise in whole cell preparations 
reduced the confidence of protein identification (Figure 2A and 2B; Table 3). In MALDI MS, 
only a finite number of molecules are actually analyzed at the detector, so the greater the 
interference, the less chance there is for detecting a peak of interest (25). Therefore, sample 
preparation is an important mechanism for increasing the probability of successful protein 
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494 identification by concentrating the targets into a more manageable chemical matrix. The 

495 mass spectra and Mascot search results presented in Figure 2 and Table 3 illustrate that the 

496 three simple, rapid and inexpensive sample preparation techniques employed— sonication 

497 of cells followed by centrifugation and Ci8-microextraction cleanup of digested soluble 

498 proteins— were highly effective in reducing baseline noise and improving the overall result of 

499 PMF analysis of microorganisms by MALDI-TOF MS. 
500 

501 Effect of culture conditions on microbial identification. In addition to sample processing 

502 techniques, microbial culture conditions were identified as important determinants 

503 influencing the success and significance of positive protein identification. The age of the 

504 culture did not affect the overall result as much as the growth medium itself. This is 

505 consistent with results obtained from the proteomic analysis of Helicobacter pylon, grown in 

506 media of varying pH (23). Statistically significant identification of RW1 via detection of the 

507 alpha-subunit of the dioxin dioxygenase was dependent on the use of the selective growth 

508 substrate DF (Figure 3 and Table 4). Cells grown on DF and harvested just prior to entering 

509 the stationary phase were positively identified (Table 4). Although a drop in significance 

510 levels resulted when analyzing these maturing cultures, the qualitative result of positive 

5 1 1 identification did not change (Table 3). These observations were consistent with other 

512 studies exploring the effect of various sample processing parameters on the quality and 

513 reproducibility of MALDI mass spectra (39). 
514 

515 The various culture media caused significant differences in the corresponding mass spectra 

516 (Figure 3). This was expected and exploited in the experimental design. Cells of RW1 grown 

517 on complex media that are known to suppress dioxin dioxygenase expression (5) were used 

518 as negative controls for the biocatalyst (LB-grown RW1). Growth on glucose also represses 
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dioxygenase expression. The detection of multiple target peaks in cells grown on glucose 
and co-exposed to dibenzofuran (Figure 3B) hints at an interesting application in 
bioremediation; dioxin degradation-enabled biomass may be produced economically and 
rapidly by using inexpensive growth substrate of high biomass yield in conjunction with 
inducers of enzyme expression. Identification of the dioxygenase under such culture 
conditions by PMF was only tentative, however (Table 4). To achieve positive identification 
of the target protein by PMF, these cell fractions would have required additional sample 
purification. Sequencing of the few detected target masses by MS/MS analysis represents 
an alternative means of confirming protein identifications. This approach was used 
successfully in this study on the mass at m/z 3036.3. Other examples of peptide sequencing 
for positive identification of microorganisms include the detection of Norovirus particles in 
minimally processed clinical stool samples (13), and the detection of purified Sindbis vims 
AR 339 (44) and enterobacteriophage MS2 (43). 

Sensitivity, ease of use, robustness, and speed of PIVIF analysis. Identification of 
cultures of RW1 via detection of the alpha-subunit of the dioxin dioxygenase was successful 
in whole cell extracts prepared from >10® to <10^ CFU (Table 4). The practical lower 
detection limit likely was dictated by both the diminished mass of target protein in the 
sample and the complexity of the sample matrix that is known to obscure signals and 
interfere with the ionization and detection of target peptides (27). The observed detection 
limit was consistent with results from a study of Bacillus subtilis in which 2.2 x 10'' CFU 
were detected using MALDI-TOF MS (17). Since the oxygenase complex constitutes about 
4% of the total soluble proteome of DF-grown cells of RW1 (5), the lower detection limit for 
the 49 kDa alpha-subunit of the dioxygenase in whole cell extracts of 10^ CFU was 
calculated to equal about 500 femtomoles. Thus, the sensitivity of the assay was excellent, 
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particularly when considering the complexity of the sample matrix. The observed upper limit 
of detection (Table 4) likely resulted from a combination of incomplete digestion due to 
saturation of trypsin, and saturation of the microextraction column resin during sample 

cleanup. 

The developed assay for the identification of RW1 by PMF of minimally processed whole 
cells is easy to use, does not require expensive sample preparation materials, e.g. protein 
chips (3), and is robust, as demonstrated by the negative results obtained for all control 
microorganisms and for LB-grown cells of RW1 devoid of dioxin dioxygenase. Qualitative 
results of analyses were relatively insensitive to culture age (cells harvested in the early, 
mid, or late logarithmic phase), and independent of sample cleanup materials (Cis- 
microextraction columns), sample matrix used (DHB, CHCA) and individuals performing the 
experiment. All sample manipulation steps can easily be automated to allow for unattended 
high-throughput analysis, an important goal for the analysis of both environmental and 
clinical microorganisms (6). 

Most Importantly, the assay potentially is very rapid allowing for sample preparation, data 
acquisition and interpretation in less than one hour for near real-time analysis (Figure 1). 
The actual time spent on analysis per sample in the present study was on the order of 
12 — 16 h due to overnight digestion of samples with trypsin. However, this time-consuming 
sample preparation step can be reduced from hours to minutes, by using larger amounts of 
trypsin at elevated temperature in conjunction with on-probe digestion (17). 

Applying PMF of whole cell extracts in bioremediation. The analysis strategy and 
methodology presented here is attractive for application in the field of bioremediation for 
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several reasons. The principal advantage of the assay is its ability to simultaneously and 
rapidly identify cells of RW1 and to yield information on their most critical phenotypic 
characteristic that drives the removal of dioxins from contaminated environments during 
bioaugmentation: the expression of appreciable quantities of the dioxin dioxygenase. 

Analysis of whole cell extracts by PMF can inform on the extent to which vegetative cells of 
RW1 are charged with this enzyme. Since the assay is performed on a non-purified bacterial 
proteome fraction, only cells containing appreciable quantities of the dioxin dioxygenase are 
detectable by PMF. Cells of at least two origins could be assayed during field-scale 
bioremediation. Biomass grown in the laboratory for introduction into contaminated target 
environments, and environmental cultures isolated from field samples taken at the 
bioaugmented site. The experiments conducted in this study inform on assay performance 
under both scenarios. 

Compared to molecular methods for the detection of microorganisms, PMF by MALDI-TOF 
MS has a much lower sensitivity, which is not necessarily undesirable. At a bioremediation 
site where substantial amounts of biomass were introduced to accelerate degradation of 
pollutants, the use of extremely sensitive methods such as PGR may be of limited value. 
Although a few cells may trigger a positive result, their sparse presence will be 
inconsequential for the fate of pollutants at a contaminated site. The real question is 
whether there is enough of the enzyme to cause detectable biodegradation. To determine 
the latter, PMF of whole cell preparations represents an attractive strategy. This was clearly 
demonstrated for cells maximally induced, moderately induced and for those repressed in 
dioxin dixoygenase expression (cells grown on DF, glucose plus DF, and LB broth, 
respectively). Additional benefits of the assay are its speed, reproducibility, robustness and 
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the potential for unattended high-throughput analysis during routine screening of 
environmental isolates. 

The methodology demonstrated here for a dioxin-degrading bacterium can easily be 
extended to other microorganisms containing large quantities of characteristic proteins. 
Enzymes expressed at moderate quantities also are suitable targets as long as their 
corresponding peptides ionize favorably, similar to those of the alpha-subunit of the dioxin 
dioxygenase. In summary, PMF of whole cell extracts is a promising technique for the 
identification and phenotypic characterization of microbial pure cultures. Since the technique 
is rapid, inexpensive and easily automated, it should prove valuable in many areas of 
applied and environmental microbiology. 
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Figure 1. Experimental approach used for screening of cell preparations for the 
dioxin dioxygenase, an enzyme that served as a proteinaceous biomarker of 
dioxin degradation-enabled phenotypes of Sphingomonas wittichii Strain RW1. 
Four different preparations of cells (10^—10''° CFU) were obtained and tryptically 
digested for analysis by peptide mass fingerprinting using vacuum matrix- 
assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF 
MS): (1) undisrupted cells, (2) disrupted cells, and (3) whole cell extracts as well 
as (4) pellets obtained by centrifugation of disrupted cells. 

Figure 2. Delsotoped MALDI mass spectra obtained from various fractions of 
digested cells of RW1: A, undisrupted cells; B, disrupted cells; C, whole cell 
extract; and D, pellet of disrupted cells. Peaks labeled with an asterisk 
correspond to peptides of the alpha-subunit of the dioxin dioxygenase. Simple 
physical fractionation of cell components significantly improved the identification 
of the protein, with whole cell extract producing the best results. 

Figure 3. Deisotoped MALDI mass spectra of digested whole cell extracts from 
10° cells of Sphingomonas wittichii Strain RW1 grown under the following 
conditions: phosphate-buffered minimal medium supplemented with: A 
dibenzofuran; B, dibenzofuran plus glucose (50 mM); and C, glucose. Peaks 
labeled with an asterisk correspond to peptides of the dioxin dioxygenase. 
Submission of mass lists generated from spectra A and B to the Mascot search 
engine returned the alpha-subunit of the dioxin dioxygenase as the best possible 
match (p<0.00001 and p>0.05, respectively). 




Figure 4. Scanned image of a two-dimensional gel used to separate soluble 
proteins in whole cell extracts of Sphingomonas wittichii Strain RW1 grown on 
dibenzofuran. Digital image analysis of the silver-stained gel demonstrated the 
presence of at least 350 proteins in the complex sample matrix. 
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Table 1. Protein coverage, amino acid sequences and corresponding theoretical 
masses of peptides, obtained by in silico tryptic digestion of the alpha-subunit of 
the dioxin dioxygenase (gi|3426122) from Sphingomonas wittichii Strain RW1. 
The peptide masses in italics were outside of the analysis range. Peptides 
detected experimentally by MALDI-TOF MS are shown in bold typeface. 

Theoretical Number of % Coverage of 

Mass (M+H) Amino Acids Total Protein Amino Acid Sequence 



234.1 


2 


0.46 


SK 


304.2 


2 


0.46 


ER 


312.2 


2 


0.46 


HR 


346.2 


3 


0.69 


GNR 


349.2 


3 


0.69 


MAK 


371.2 


3 


0.69 


WDD 


389.2 


4 


0.92 


GNAK 


409.2 


3 


0.69 


SFR 


438.2 


4 


0.92 


GPHK 


506.3 


4 


0.92 


IFAR. 


534.3 


4 


0.92 


DIMR 


559.3 


5 


1.15 


DAWR 


573.3 


5 


1.15 


LGDIR 


586.3 


5 


1.15 


WGAPR 


632.4 


6 


1.38 


DTGVLK 


639.3 


6 


1.38 


VETYK 


685.4 


5 


1.15 


VWQPR 


730.4 


6 


1.38 


LCLADR 


761.4 


6 


1.38 


AAHYLR 



845.4 


7 


1.61 


NMPQEVK 


919.5 


8 


1.84 


NISSANWK 


951.5 


9 


2.07 


GVSEGYIAR 


962.5 


8 


1.84 


GLIF6NWR 


1050.5 


10 


2.30 


LGHASSGFFK 


1234.6 


11 


2.53 


NAVDVADLFDR 


1282.7 


12 


2.76 


QTHLNMALGLGK 


1393.7 


11 


2.53 


TEVWNYVIVDR 


1541.8 


14 


3.22 


QGDGSFAAFLNQCR 


1584.7 


13 


2.99 


SWLFLGHESQIPK 


1740.7 


15 


3.45 


AFYSHWQDMLAGDEA 


1847.8 


16 


3.68 


ASAYSDQAVYDLEMER 


2005.0 


18 


4.14 


FGDYITTTMGEDSVILSR 


2180.1 


19 


4.37 


TDHMGTLVMTVFPNFSLNR 


2194.0 


21 


4.83 


GGPNPDYP6TINDVYSEE66R 


2222.1 


19 


4.37 


SYEHIFHPGEQGHQFALPK 


2798.3 


25 


5.75 


GCTLAFNASGLLEQDDAENVAMCQR 


3036.3' 


27 


6.21 


CSYHGVWFNNAGGLVSMPHEANVnOK 


3081.4 


27 


6.21 


NMNDGDAAMLQQFPPHPAPEYYYGPGR 


3450.7 


32 


7.36 


WQAEQHATDHLHVAVSHFSGFAALAPEGSPPR 


3703.8 


35 


8.05 


ADAPDLLSSLGEATWYLDAFLDANEGGVELIGPQR 


49389.3 


435 (197^) 


94= (45'') 





^ The mass at m/z 3036.3 served as the target of confirmatory analysis by 
peptide sequencing. Empirical protein coverage observed in all experiments 
combined. ° Theoretical maximum protein coverage in the range of m/z 
500—5000. 



Table 2. Protein coverage, amino acid sequences and corresponding theoretical 
masses of peptides, obtained by in silico tryptic digestion of the beta-subunit of 
the dioxin dioxygenase from Sphingomonas wittichii Strain RW1 (gi|3426123). 
The peptide masses in italics were outside of the method detection range. 
Peptides detected experimentally by MALDI-TOF MS are shown in bold typeface. 



Number of % Coverage 

Theoretical 

Amino of Total Amino Acid Sequence 

Mass (M+H) 

Acids Protein 



156.1 


1 


0.56 


R 


128.1 


1 


0.56 


K 


156.1 


1 


0.56 


R 


156.1 


1 


0.56 


R 


246.2 


2 


1.12 


VK 


262.2 


2 


1.12 


SR 


274.2 


2 


1.12 


VR 


288.2 


2 


1.12 


LR 


359.2 


3 


1.68 


LAR 


373.3 


3 


1.68 


ILK 


389.2 


3 


1.68 


LEK 


403.2 


3 


1.68 


EVR 


490.3 


4 


2.23 


DIDK 


563.3 


5 


2.79 


SLGMR 


607.3 


5 


2.79 


TTDDR 


627.3 


5 


2.79 


LSDHR 


639.4 


5 


2.79 


HDLVR 


679.3 


6 


3.35 


MSSQVK 
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760.4 


7 


3.91 


TAVTNVR 


832.5 


7 


3.91 


QFLPLSK 


848.4 


8 


4.47 


SDGPLGFR 


1077.6 


9 


5.03 


VYPPLIGYR 


1080.5 


9 


5.03 


GAHFEDNYK 


1420.7 


11 


6.15 


TWVENPPMYQR 


1890.0 


18 


10.06 


TVYLDHAVLPGSGISTFL 


2035.9 


18 


10.06 


ETDVAGEYEAYSNIAFTR 


2279.1 


19 


10.61 


FEDWYALIAEDIHYAVPAR 


2337.2 


19 


10.61 


IQWEVEQFLYEEAALIAER 


21361.28 


179 (50^) 


84° (33^) 





^ Empirical protein coverage observed in all experiments combined. ° Theoretical 
maximum protein coverage in the range of m/z 500 — 5000. 
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Table 3. Experimental results obtained during screening of various bacterial cell 
fractions for the alpha-subunit of the dioxin dioxygenase by MALDI-TOF MS 
peptide mass fingerprinting. Cells of Sphingomonas wittichii Strain RW1 were 
grown in liquid phosphate-buffered minimal medium containing dibenzofuran as 
the sole carbon and energy source. Mass lists were generated from spectra 
using Data Explorer software and entered into the Mascot search engine. 
Statistically significant observations (p<0.05) scoring >68 are shown in bold 
typeface. 



Digested Sample Fraction^ 


log 
CPU" 


Target Ions 
Observed" 


% Protein 
Coverage 


Mascot 
Score 


p-Value 


(1) Undisrupted cells 


8 


10 


31 


52 


>0.1 


(2) Disrupted cells 


8 


6 


30 


77 


<0.01 




7 


9 


32 


69 


<0.05 




5—6 


0 








(3) Whole cell extract 


7 


13 


34 


105 


<0.00001 


(4) Pellet of disrupted cells 


5—8 


0 









^ Refer to the Methods section and Figure 1 for details on sample preparation. 
^ CPU were determined by plate count and estimated photospectrometrically 
from absorbance at X.560 

Ions matching the theoretical masses of peptides of the alpha-subunit of the 
dioxin dioxygenase, as determined by Mascot (http://www.matrixscience.com). 
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Table 4. Results of database searches for ions corresponding to the alpha- 
subunit of the dioxin dioxygenase detected in tryptically digested extracts of 
Sphingomonas wittichii Strain RW1 grown on varying substrates. Unless 
othen/vise stated, cells were harvested in mid-exponential growth phase. 



Statistically significant observations (p<0.05) scoring >68 are shown in bold 
typeface. 





Log 


Target 


0/ DrA^Aim 

70 rTotein 


Mascot 




browth bubstrate 




Ions 
UDserved 


Coverage 


Score 


p-Value 


■Dibenzofuran (DF) 


10 


0 










9 


10 


31 


59 


>0.10 




o 
O 


14 


43 


AAA 
111 


<O.O0U01 




8 


1z 


37 


OA 

84 


<U.001 




f 


To 


o4 


A nE 
1U5 


<0.IJ0001 




T 


10 


31 


73 


<0.01 




5—6 


0 










6^ 


0 








Glucose + DF 


9 


0 










8 


10 


31 


61 


>0.05 




7 


9 


22 


59 


>0.10 




6 


0 








Glucose 


6—9 


0 








LB Broth 


6—9 


0 









* Cells harvested in the deceleration growth phase. True exponential growth was not 
observed with dibenzofuran due to the limited solubility of the compound. 
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Bacterial pure culture 

Harvesting, washing, resuspension of cells in 50 mM NH4HCO3 ~5 min 

(1) UndisruDted cells ^ 
Sonlcation, optional centrifugation ~5 min 

I ^ 

(2) Disrupted cells (3) Whole cell extract (4) Pellet 

> Tryptic digestion a20 min 

Ci8-Microcolumn extraction, addition of matrix c 

^ ~o mm 

MALDI-TOF MS Analysis . ^ 

' ~lOmin 

I 

Data analysis 

Database query (e.g., Mascot) 

1 Total analysis time 

Protein (Biomarker) -» Microorganism -» Phenofype <-|_i5h 



(Figure 1) 



1%^ 



(Figure 2) 




(Figure 3) 
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(Figure 4) 
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Supplemental Information to the Attached Manuscript 

Mass spectrometric identification of microorganisms. Mass spectrometry 
has been used extensively in the past for the Identification of microbial pure 
cultures at the genus, species and strain level (reviewed in (10, 27, 38)). The 
most common approach is the MALDI MS analysis of matrix-embedded Intact or 
disrupted vegetative cells (22), spores (35) or cysts (28) in linear detector mode 
in the mass range of m/z 5,000 to 30,000, yielding mass spectral "barcodes" for 
the microorganisms of interest. This technique can serve to identify microbial 
species and strains with the important prerequisite that— in order to interpret the 
data — standard spectra are available which were obtained from authentic 
cultures grown, harvested and processed under highly standardized conditions 
identical to those used for unknown samples (10). The technique is ultra fast but 
limited in its reliability and informational value because the chemistry and 
function of the ion-producing molecules remains unknown throughout the 
process. Successful applications of mass spectral fingerprinting by MALDI-TOF 
MS include the automated bacterial identification of various Firmicutes and 
Proteobacteria (22), rapid characterization of spores of the Bacillus cereus group 
(35), and differentiation of oocysts of Cryptosporidium parvum and C. muris (28). 

To overcome some of the limitations associated with traditional mass spectral 
fingerprinting of whole cells and cell lysate, research interest recently has shifted 
to the targeted detection of strain-specific cell components that are known to be 
present in cells and predictable from DNA sequence information. One strategy is 
the analysis of cell preparations by MALDI-TOF MS in linear detector mode to 
scan for ions of intact proteins; good targets are for example ribosomal proteins 
because they are abundant in vegetative cells regardless of culturing conditions 
(-20% of protein content), and sufficiently unique to allow for confident 
identification (2). This technique represents a significant improvement over 
conventional microbial fingerprinting but it is not without limitations. Since MALDI 
is a soft ionization technique it leaves target molecules unfragmented and 
produces predominantly singly-charged (MH*) ions (18, 24). Detection of an 
intact protein in linear mode typically yields a single ion on which the 
identification has to be based. In the mass range of m/z <30,000, experimentally 
determined molecular masses have a mass accuracy of ±1 Da or better. Since 
proteins possessing (nearly) identical molecular masses can differ dramatically in 
structure and function, protein identifications obtained by a single ion are often 
tentative only. To achieve statistically significant results, mass spectral analysis 
of target proteins in linear mode necessitates the use of customized databases 
containing a limited number of proteins having distinct masses (8). For 
environmental applications where the identity of bacterial isolates is completely 
unknown, searching against small databases likely is both inappropriate and 
uninformative. 

An alternative strategy for the targeted analysis of proteinaceous biomarkers is 
the use of PMF, as demonstrated in the present study. It involves the digestion of 




partially purified cell components followed by mass spectrometric analysis in 
positive (or negative) reflector mode, typically in the mass range of m/z 500 - 
5,000. In contrast to mass spectral microbial fingerprinting, PMF is more powerful 
because specific target proteins can be selected a priori and their corresponding 
ions (peptide masses) can be predicted in silico as shown by the theoretical 
mass lists presented in Tables 1 and 2. Identification is based on the detection of 
multiple fragments of a given protein rather than on a single molecular ion. 
Therefore, protein matches by PMF have a quantifiable confidence level and 
often are statistically highly significant even when searching non-restricted, 
complex databases containing hundreds of thousands of proteins (see Table 4). 
The identity of detected proteins can be ascertained without having to obtain and 
analyze authentic protein standards, an important advantage when attempting to 
identify environmental isolates whose proteins have never been purified. Since 
the function of the detected biomarker either is known or can be inferred, PMF of 
microbial cells can reveal critical information on biomass physiology that 
otherwise would be difficult or impossible to obtain, e.g., the detection of post 
translational modifications (30). 

The few studies performed to date suggest that successful use of PMF for 
bacterial identification requires extensive sample preparation steps to separate 
prior to mass spectrometric analysis the proteins and peptides of interest from 
non-target interferences (7, 29, 31). Commonly applied tools used for this 
purpose include one- or two-dimensional gel electrophoresis (29, 31), one- or 
two-dimensional chromatography (20), affinity chromatography (9), and retentate 
chromatography using protein chips in conjunction with surface-enhanced laser 
desorption/ionization (SELDI) TOF MS (3), to name just a few. Even when 
performed on a routine basis in high-throughput mode, these sample preparation 
steps are often time-consuming, labor-intensive, and therefore expensive. Due to 
these real or perceived constraints, PMF currently is not considered a suitable, 
rapid and cost-effective tool for facile identification and characterization of 
environmental isolates. The present study challenged this view by employing 
PMF on minimally processed microbial cells. Experimental results of the present 
study revealed the value and power of this non-traditional usage of PMF by 
MALDI-TOF MS for the identification and phenotypic characterization of 
environmental microorganisms. 

The a-subunit as a biomarker for dioxin-degradation enabled phenotypes 
of RW1. At the beginning of our study, the dioxin dioxygenase was selected a 
priori as the preferred biomarker for dioxin-degradation enabled phenotypes of 
RW1. The protein complex was chosen as the target based on the literature 
showing it to be essential for turnover of dioxin-related substrates (1, 5). 
Fortunately, the dioxygenase fulfilled the basic requirements of PMF; its 
corresponding DNA sequence infonnation was known and contained in 
searchable online databases. Localization of the relevant genes on a single open 
reading frame, situated within the bacterial chromosome (1), provided an 
additional incentive to target this catabolic enzyme, since chromosomal genes 




generally are more stably expressed and less frequently transferred between 
species and genera than are plasmid-encoded genes. 



For PMF of complex protein mixtures to be successful, the target protein must be 
present in detectable quantities, and approximately five or more peptides must 
have ionization behaviors superior to those of competing peptides that are 
present in the sample at similar or greater concentrations. Our experimental 
results demonstrate that only one of the two subunits of the dioxin dioxygenase 
fulfills this requirement. Theoretically, both subunits of the protein complex 
represent viable targets for mass spectrometry by offering 15 or more peptides 
each within the experimental m/z range (Tables 1 and 2). However, recorded 
mass spectra were dominated by peptide ions of the a-subunit (Mr ~ 49,000 Da; 
Figures 2 and 3), whereas those of the p-subunit (Mr - 22,000 Da) were weak or 
not detected at all. 

The dichonomy of these results illustrates a yet unsolved challenge in MALDI MS 
analysis: the difficulty of predicting with confidence the ionization behavior of 
peptides (1 1). As stated previously, the genes dxnA1 and dxnA2 encoding the a- 
and p-subunits of the dioxin dioxygenase protein complex, respectively, are 
contained on a single transcriptional unit (1). Consequently, both proteins likely 
were present in equimolar quantities in whole cells. The sample preparation 
strategy was designed to extract and concentrate both components of the dioxin 
dioxygenase complex in whole cell extract (1, 5, 12). Experimental results of 
whole cell extract obtained by MALDI-TOF MS showed that peptides of the a- 
subunit have much more favorable ionization properties than those of the p- 
subunit (Figure 2C). In addition, these peptides also dominated over anticipated 
ones corresponding to the 29 mostly hypothetical proteins that are listed for RW1 
in the non-redundant NCBI database (none of these were found by online 
database searches in any of the experiments). Furthermore, the thousands of 
tryptic peptides anticipated to result from digestion of the 350+ unidentified 
proteins (Figure 4) also could have interfered with the ionization and detection of 
the a-subunit. This was not the case, however. It is remarkable that the a-subunit 
could be identified by database searching in an unpurified sample matrix of such 
great complexity. 

The favorable ionization behavior of the a-subunit was not predictable and had to 
be determined experimentally. Arginine and a number of hydrophobic residues 
are known to increase the ionization of peptides, whereas lysine suppresses it (4, 
11, 26). The frequency of these signal-modulating residues in peptides of the a- 
and p-subunit was analyzed (data not shown) but could not fully explain 
experimental findings. This underscores the observation by others (4, 1 1, 26) that 
the prediction of peptide ionization is a challenging task, with currently available 
models delivering only rudimentary and imprecise results. 




Cell fractions suitable for biomarker detection. An examination of the NCBI 

Entrez genome database 

( http://www.ncbi.nlm.nih.aov/aenomes/l\/llCROBES/ComDlete.htnih suggests that 
the average proteome of microorganisms in the phylum a-Proteobacteria 
contains approximately 3,500 proteins. Two-dimensional electrophoresis 
experiments demonstrated that whole cell extracts of RW1 contained at least 350 
different proteins (Figure 4). Therefore, compared to whole cells, the sample 
complexity in whole cell extracts was reduced by approximately 90% at best, 
assuming a bacterial proteome in whole cells of 3,500 proteins. To determine if 
sonication and centrifugation were truly necessary, the whole proteome 
contained in undisrupted and disrupted cells was analyzed (Fractions 1 and 2, 
respectively). The resulting mass spectra and Mascot scores, shown in Figure 2 
and Table 3, demonstrated that the a-subunit of the dioxygenase was one of the 
most prominent components detectable by PMF within the entire bacterial 
proteome: many target peaks were significantly more intense than observed non- 
target peaks (Figure 2). However, the noticeable increase in noise in whole cell 
preparations reduced the confidence of protein identification (Table 3). In MALDI 
MS, only a finite number of molecules are actually analyzed at the detector, so 
the greater the interference, the less chance there is for detecting a peak of 
interest (25). Therefore, sample preparation is critical for increasing the 
probability of successful protein identification by concentrating the targets into a 
more manageable chemical matrix. The mass spectra and Mascot search results 
presented in Figure 2 and Table 3 illustrate that the two simple, rapid and 
inexpensive physical sample preparation techniques employed— sonication of 
cells followed by centrifugation— were highly effective in reducing baseline noise 
and improving the overall result of PMF analysis of microorganisms by MALDI- 
TOF MS. 

Effect of culture conditions on microbial identification. In addition to sample 
processing techniques, microbial culture conditions were identified as important 
determinants influencing the success and significance of positive protein 
identification. The age of the culture did not affect the overall result as much as 
the growth medium itself. This is consistent with results obtained from the 
proteomic analysis of Helicobacter pylori, grown in media of varying pH (23). 
Statistically significant identification of RW1 via detection of the a-subunit of the 
dioxin dioxygenase was dependent on the use of the selective growth substrate 
DF (Figure 3 and Table 4). Cells grown on DF and harvested prior to entering the 
stationary phase were positively identified even when collected late into the 
exponential growth phase (Table 4). Although a drop in significance levels 
resulted when analyzing cells from maturing cultures, the qualitative result of 
positive identification did not change (Table 3). These observations were 
consistent with other studies exploring the effect of various sample processing 
parameters on the quality and reproducibility of MALDI mass spectra (39). 

The various culture media caused significant differences in the corresponding 
mass spectra (Figure 3). Although the dioxin dioxygenase was not successfully 




identified in all conditions, multiple target peaks were observed even in glucose- 
grown cultures co-exposed to DF (Figure 3B). To achieve positive identification 
of the target protein by PMF, these cell fractions would have required additional 
sanfiple purification. Sequencing of the few detected target masses by MS/MS 
analysis represents an alternative means of confirming protein identifications. 
This approach was used successfully in this study on the mass at m/z 3036.3. It 
was also used previously by our research group for the detection of Norovirus 
particles in minimally processed samples (13), and by others for the detection of 
Sindbis virus AR 339 (44) and the enterobacteriophage US2 (43). Lack of 
detection of the a-subunit subunit in LB-grown cells was consistent with literature 
information indicating that the expression of dioxin dioxygenase by RW1 varies 
with carbon sources and is repressed during growth on complex media such as 
LB broth (1). 

Sensitivity, ease of use, robustness, and speed of PMF analysis. 

Identification of cultures of RW1 via detection of the a-subunit of the dioxin 
dioxygenase was successful in whole cell extracts prepared from > 1 0^ to <1 0^ . 
CFU (Table 4). The practical lower detection limit likely was dictated by both the 
diminished mass of target protein in the sample and the complexity of the sample 
matrix that is known to obscure signals and interfere with the ionization and 
detection of target peptides (27). The observed detection limit was consistent 
with results from a study of Bacillus subtilis in which 2.2 x 10^ CFU were 
detected using MALDI-TOF MS (17). The observed upper limit of detection 
(Table 4) likely resulted from a combination of incomplete digestion due to 
saturation of trypsin, and saturation of the microextraction column resin during 
sample cleanup. 

The developed assay for the identification of RW1 by PMF of minimally 
processed whole cells is easy to use, does not require expensive sample 
preparation materials, e.g. protein chips (3), and is robust. Qualitative results of 
analyses were independent of varying growth conditions (cells harvested in the 
early, mid, or late logarithmic phase), sample cleanup materials (Ci8- 
microextraction columns), sample matrix used (DHB, CHCA) and individuals 
performing the experiment. All sample manipulation steps can easily be 
automated to allow for unattended high-throughput analysis, an important goal 
for the analysis of both environmental and clinical microorganisms ((5). 

Most importantly, the assay potentially is very rapid allowing for sample 
preparation, data acquisition and interpretation in less than 50 min for near real- 
time analysis (Figure 1). The actual time spent on analysis per sample in the 
present study was on the order of 12—16 h due to overnight digestion of 
samples with trypsin. However, this time-consuming sample preparation step can 
be reduced from hours to minutes, by using larger amounts of trypsin at elevated 
temperature in conjunction with on-probe digestion (17). Growth of the 
microorganisms also plays a role in the overall time elapsed between acquisition 
of the sample from the environment and data review. The results of the sensitivity 




analyses (Table 4) suggest that a micro-colony measuring <1 mm in diameter will 
contain a sufficient amount of biomass to allow for positive identification of 
putative cells of RW1 retrieved from the environment and grown on DF. 

Applying PMF of whole cell extracts in bioremedlation. The analysis strategy 
and methodology presented here is attractive for application in the field of 
bioremediation for several reasons. The principal advantage of the assay is its 
ability to simultaneously and rapidly identify cells of RW1 and to yield information 
on their most critical phenotypic characteristic that drives the removal of dioxins 
from contaminated environments during bioaugmentation: the expression of 
appreciable quantities of the dioxin dioxygenase. 

Analysis of whole cell extracts by PMF can inform on the extent to which 
vegetative cells of RW1 are charged with this enzyme. Since the assay is 
performed on a non-purified bacterial proteome fraction, only cells containing 
appreciable quantities of the dioxin dioxygenase are detectable by PMF. Cells of 
at least two origins could be assayed during field-scale bioremedlation. Biomass 
grown in the laboratory for Introduction into contaminated target environments, 
and environmental cultures isolated from field samples of the bioaugmented site. 
As discussed hereafter, the experiments conducted in this study inform on assay 
performance under both scenarios. 

Large-scale production of biomass for bioremediation is most economical when 
done in non-sterile conditions using inexpensive growth substrates that are 
readily catabolized and that feature high biomass yield coefficients such as 
glucose, acetate, etc. Cells grown with these substrates in non-specific 
conditions must be induced for elevated expression of the target enzyme via 
addition of a suitable inducer, a process that was demonstrated in this study via 
the addition of DF to glucose-containing media. Analysis of large-scale batches 
of bacteria by PMF for the presence of the dioxin dioxygenase should represent 
an elegant and rapid means of determining the quality of the biomass as well as 
the optimal time for harvesting of batches of cells containing large amounts of the 
desired enzyme. 

In addition, the assay could be applied to microorganisms retrieved from the 
environment. These may be grown on media containing soil extracts, to mimic 
expression levels of the dioxin dioxygenase in situ. The determination of in situ 
enzyme expression is critical because the toxic dioxins targeted by 
bioremediation will not serve as growth substrates for RW1 and even if they did, 
their concentrations and bioavailability would be too low to sustain microbial 
growth (12, 14). Thus, if introduced bacteria do manage to multiply in target 
environments, they will do so by using carbon and energy sources other than 
toxic dioxins. The effect of these conditions on the expression of dioxin 
dioxygenase is of great interest and could be easily determined using the 
methodology described in this study. A low Mascot score obtained by PMF would 




indicate poor blodegradation potential of RW1 phenotypes in situ, assuming that 
the bacteria were cultured on media mimicking environmental conditions. 

Compared to molecular methods for the detection of microorganisms, PMF by 
MALDI-TOF MS has a much lower sensitivity, which is not necessarily 
undesirable. At a bioremediation site where substantial amounts of biomass were 
introduced to accelerate degradation of pollutants, the use of sensitive methods 
such as PGR should always yield positive results because a few copies of the 
target DNA are sufficient for detection. The obtained positive result would have 
little diagnostic value for assessing blodegradation potential, however, because 
the presence of the microorganism was known a priori. The real question is 
whether there is enough of the enzyme to cause detectable degradation of 
pollutants. To determine the latter, use of PMF should be more informative 
because the technique does not employ amplification of the signal prior to 
analysis, as does PGR. Additional benefits of the assay are its speed, 
reproducibility, robustness and the potential for unattended high-throughput 
analysis for routine monitoring of remediation sites. 

The number of proteins of envlronmental importance that are contained in online 
databases is rapidly increasing. Therefore, the methodology demonstrated here 
for a dioxin-degrading bacterium should easily be extended to other catabolic 
enzymes and pollutant-degrading microorganisms. In many cases, the genes 
coding for the desired enzyme will be contained on plasmids, opening the 
possibility of inter-species and inter-genus gene transfer in the environment. 
Indigenous microbes that have acquired the genetic information may or may not 
participate in the in situ bioremediation process by expression of the desired 
enzyme. Again, PMF of whole cell preparations represents a promising 
technology for detecting such in situ gene transfer and for estimating the 
relevance of this event for the rate and extent of pollutant removal during 
bioremediation. 

Concluding remarks. The successful detection of a specific catabolic enzyme 
component by mass spectrometry in minimally processed microbial cell extracts 
containing a mixture of more than 350 potentially interfering proteins represents 
an important step fonvard toward the integration of proteomic tools in the field of 
bioremediation. This study shows for the first time that environmental 
microorganisms can be identified and phenotypically characterized by MALDI- 
TOF MS using PMF of whole cell extracts that are readily and economically 
obtainable. The techniques should prove valuable in many areas of applied and 
environmental microbiology. 
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Mass spectrometric techniques are a potentially attractive means of monitoring 
the survival and efficacy of bioaugmentation agents such as the dioxin-degrading 
bacterium Sphingomonas wittichii RW1 . The biotransformation activity of RW1 Is 
determined primarily by the presence and concentration of the dioxin 
dioxygenase (DD), an enzyme initiating aromatic ring activation and ether bond 
cleavage. This study explored the possibility of identifying putative colonies of 
RW1 by mass spectrometry targeting the characteristic DD. The protein content 
of cells of RW1 , grown on various media in the presence and absence of 
dibenzofuran. was partially purified, digested with trypsin, and spotted for 
analysis by matrix assisted laser desorptlon/ionization time-of-flight mass 
spectrometry (MALDI-TOF MS) and atmospheric pressure MALDI ion trap mass 
spectrometry. Data were analyzed using standard bioinformatics database 
queries. The influence of culture media on the expression of DD was explored in 
greater detail. Both peptide fingerprinting and peptide sequencing methods were 
successfully employed to identify cells of RW1 via detection of the DD. Positive 
identification was achieved even when using minimal sample cleanup protocols 
for samples representing either the entire microbial proteome or a fraction thereof 
(supernatant of disrupted cells). MALDI-TOF MS analysis yielded up to 9 
peptides (39% protein coverage) of DD at a mass tolerance of ± 25 ppm. 
Sensitivity analyses showed that microcolonies containing a minimum of 108 
cells are required to achieve statistically significant identification of the 
characteristic enzyme and its bacterial host (p = 0.05). This study demonstrates 
the utility of mass pectrometry as a rapid and potentially fully automated 
technique for positive identification of bioremediation agents such as the dioxin 
transforming bacterium RW1 . The technique hinges on the presence of 
characteristic proteins that can report simultaneously on the presence of a 
degradative enzyme of interest and its respective host organism. The method 
represents a novel tool for the monitoring of bioremediation. 
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